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This thesis investigates hydro-meteorological boundary conditions in the region of 
Cajamarca in the northern Andes of Peru and quantifies the impact of selected resource 
conservation measures on the hydrology of the Ronquillo watershed. The research was 
undertaken as part of the research project The conservation of water and soil resources in the 
Chetillano and Ronquillo basins in the Northern Sierra of Peru (CASCUS) [in Spanish: 
Conservación del agua y suelo en las cuencas de los ríos Chetillano y Ronquillo en la Sierra 
norte del Perú]. The project aims to identify opportunities for enhancing water availability and 
reducing soil erosion in the region of Cajamarca.  
Geographically the research focuses on the Ronquillo watershed, which is located in the 
vicinity of the city of Cajamarca in the northern Andes of Peru. The water resources of the 
Ronquillo River are of special interest to the city of Cajamarca, as about one-third of the total 
urban water supply is provided by discharge from this river. However, in recent decades, a 
growing urban population as well as increasing water demand have resulted in severe water 
shortages and the interruption of water services in the city for several hours a day during the 
dry season. During the dry season the availability of water resources to the city of Cajamarca 
depends almost exclusively on the hydrological functions of nearby mountain ranges. 
However, the catchments surrounding the city of Cajamarca are severely affected by land 
degradation and soil erosion. Continued degradation and erosion of the topsoil reduces 
infiltration rates and water storage capacity, which in turn increases surface runoff and, 
correspondingly, soil erosion and further degradation. Owing to this self-reinforcing process, 
the natural water retarding and water storage capacity – and, by extension, the water regulation 
capacity – of the watersheds is in continuous decline. However, land degradation does not 
have to be an irreversible process and might be mitigated by the implementation of resource 
conservation measures. 
This thesis aims to contribute to the CASCUS project by strengthening our knowledge base 
on hydro-meteorological boundary conditions in the research area. It also seeks to advance the 
envisioned integrated resource management strategy by quantifying the impact of selected 
resource conservation measures on the hydrology of the Ronquillo watershed. In order to 
achieve these objectives, research was undertaken in several stages. Specifically, these stages 
were: (1) the exploration of the meteorological and hydrological boundary conditions, (2) the 
development of scenarios for the implementation of resource conservation measures, and (3) 
the assessment of the hydrological impact of resource conservation measures on the catchment 
by applying a rainfall-runoff model.  
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The region under investigation is characterized by a complex mountain climate marked by 
the interaction of a number of meteorological features, including seasonal displacement of the 
Intertropical Convergence Zone, orographic rainout, rain-bearing mesoscale cloud systems, El 
Niño Southern Oscillation (ENSO), katabatic drainage flow and local convection, all of which 
act on different spatial and temporal scales. The Ronquillo watershed displays strong 
seasonality in stream flow. During the rainy season a large portion of stream flow originates 
from direct runoff, which drains the watershed rapidly. The main flood formation areas are 
located in the middle part of the catchment, where soil and land coverage characteristics are 
most prone to generate surface runoff during strong rainfall. During the dry season a large 
portion of the discharge of the Ronquillo River originates from the soils covering the high 
altitude Jalca grasslands. In addition the basement rock aquifers and spring discharge 
significantly contribute to the dry seasonal discharge.  
The main objective of the scenario development phase is to provide implementation 
scenarios for selected soil and water conservation techniques (SWCTs) in the Ronquillo 
watershed, in order to evaluate their impact on catchment hydrology by applying a rainfall-
runoff model. The present study evaluates various implementation scenarios for SWCTs, 
which fall under the categories “earthworks,” “afforestation,” and “check dam construction.” 
The earthworks scenarios are developed on the basis of a decision support model. Therefore a 
multi-criteria evaluation procedure is used that takes into account environmental site 
assessment criteria such as meteorology, hydrology, topography, land use, and soil properties. 
Each environmental site assessment criterion is evaluated using a pair-wise comparison matrix 
method, known as the Analytical Hierarchy Process. Afforestation scenarios are developed for 
the planting of pine and eucalyptus species, based on the underlying hypotheses that existing 
tree coverage areas can build the nucleus for future afforestation and that primarily degraded 
areas will be subject to afforestation. For the implementation of check dams, two scenarios are 
developed. In the first, check dams are implemented in all stream channels, whereas in the 
second, check dams are implemented in intermittent stream channels only.  
The impact of different SWCTs on the hydrology of the Ronquillo watershed is assessed 
using a hydrological modeling approach. Analysis undertaken with the NASIM rainfall-runoff 
model shows that earthworks (terraces and bund systems) and afforestation scenarios 
considerably impact the hydrology of the Ronquillo River. By contrast, the impact of check 
dam scenarios on catchment hydrology is comparatively small. The results imply that 
earthworks and afforestation reduce surface runoff, and thus mitigate the self-reinforcing 
process of surface runoff generation and subsequent soil erosion. However, this comes at the 
expense of a reduction in stream flow. On-site effects such as the reduction of overland flow 
and enhanced water availability for crop growth in situ are counterbalanced by a reduction in 
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water availability off-site. The modeling results imply that within the framework of a water 
resource conservation strategy, the implementation of earthworks compared to afforestation 
measures is preferable, as earthworks reduce surface runoff more efficiently compared to 
afforestation measures, and thus have less impact on water availability downstream.  
The implementation of earthworks and afforestation measures redistribute the catchment’s 
water resources by augmenting water availability in the watershed while decreasing water 
availability downstream. Additional soil water provided by the implementation earthworks is 
stored in the soil layer and consequently evaporated or transpired by crops, but does not drain 
as base flow. The climatic conditions of the Ronquillo watershed do not favor long-term water 
storage in soils under agricultural use. 
An integrated watershed management approach should be implemented to ensure optimal 
redistribution of water resources within the catchment area. Indeed, in the Ronquillo 
watershed, where water availability does not meet water demand – at least during part of the 
year – and environmental boundary conditions do not favor long-term water storage in the 
soils, such an approach is crucial for reconciling upstream and downstream environmental and 







Die Dissertation quantifiziert den Einfluss ressourcenkonservierender Maßnahmen auf die 
Hydrologie des Einzugsgebietes des Ronquillo in der Region Cajamarca in den nördlichen 
Anden Perus. Das Vorhaben ist Teil des Forschungsprojektes Konservierung der Wasser- und 
Bodenressourcen in den Einzugsgebieten des Chetillano und Ronquillo in der nördlichen 
Sierra Perus (CASCUS) [in Spanisch: Conservación del agua y suelo en las cuencas de los 
ríos Chetillano y Ronquillo en la Sierra norte del Perú]. Die Ziele des Projektes CASCUS sind 
der dezentrale Wasserrückhalt und Bodenschutz durch boden- und wasserkonservierende 
Maßnahmen in der Region Cajamarca. Diese Maßnahmen sollen den Oberflächenabfluss und 
die Bodenerosion verringern, Hochwasserspitzen reduzieren und das Grundwasservolumen als 
Wasserspeicher für Trockenperioden erhöhen. 
Das Wasserdargebot in der Region Cajamarca wird vor allem durch das saisonale 
Niederschlagsregime gesteuert. Ein bedeutender Teil des Niederschlags, der in der Regenzeit 
fällt, fließt oberflächlich ab und führt zum Verlust der Ressourcen Wasser und Boden. Das 
Fehlen ausreichend großer, natürlicher Speichersysteme führt in der zweiten Jahreshälfte zu 
Wasserknappheit und Wachstumseinschränkungen in der Landwirtschaft. Fortschreitende 
Bodenerosion und -degradation verringern das Retentionsvermögen in den Einzugsgebieten 
und erhöhen die trockenzeitliche Wasserknappheit. Der Forschungsansatz dieser Arbeit geht 
davon aus, dass der Einsatz von boden- und wasserkonservierenden Maßnahmen eine 
Möglichkeit ist, die Retention in der Fläche zu erhöhen und dem selbstverstärkenden Prozess 
der Oberflächenabflussbildung sowie darauffolgender Bodenerosion entgegenzuwirken. 
Während der vergangenen Dekaden verzeichnete die Stadt Cajamarca ein stetiges 
Bevölkerungswachstum und einen steigenden Wasserbedarf. Heute ist während der 
Trockenzeit die Wasserversorgung der Stadt nicht gewährleistet. Die Wasserressourcen des 
Ronquillo sind hierbei von besonderer Bedeutung, denn sein Abfluss trägt in etwa zu einem 
Drittel zu der städtischen Wasserversorgung bei. 
Die Arbeit ist in folgende, aufeinander aufbauende Themenkomplexe strukturiert: Zu 
Beginn steht die Analyse der hydrometeorologischen Randbedingungen. Darauf folgt die 
Entwicklung von Implementierungsszenarien ressourcenkonservierender Maßnahmen. 
Schließlich bietet die Forschungsarbeit eine Quantifizierung ihrer Wirkung auf die Hydrologie 
des Einzugsgebietes des Ronquillo durch Anwendung des flächendetaillierten hydrologischen 
Modells NASIM (Niederschlag-Abfluss-Simulationsmodell).  
Die Region Cajamarca ist durch ein Tageszeiten- und Gebirgsklima gekennzeichnet. Hier 
wirken meteorologische Phänomene auf unterschiedlichen räumlichen und zeitlichen Skalen 
zusammen; z.B. die jahreszeitliche Wanderung der äquatorialen Tiefdruckrinne, El Niño 
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Southern Oscillation (ENSO), große Gewitter- und Schauergebiete (Mesoscale Convective 
Systems), orographischer Niederschlag, lokale Konvektion und ein ausgeprägtes Hang- und 
Talwindsystem. Der Abfluss des Ronquillo ist aufgrund der hydrometeorologischen Rand-
bedingungen stark saisonal geprägt. Ein großer Teil des Abflusses in der Regenzeit ist dem 
Direktabfluss (Oberflächenabfluss und schneller Zwischenabfluss) zuzuordnen. Der trocken-
zeitliche Abfluss wird zu einem wesentlichen Teil von den Böden der Jalca Höhenstufe 
(> 3500 m ü.M.) generiert. Weiter tragen lokale Aquifere und Quellschüttungen zum trocken-
zeitlichen Abfluss bei.  
Die untersuchten boden- und wasserkonservierenden Maßnahmen gliedern sich in 
Maßnahmen in der Fläche: Terrassen- und Erdwallsysteme (earthworks) sowie Aufforstung; 
und Maßnahmen im Fließgewässer: die Errichtung von kleinen Rückhaltedämmen im Gerinne 
(check dams). Die Implementierungsszenarien für Terrassen und Erdwälle basieren auf einer 
multikriteriellen räumlichen Eignungsklassifizierung. Die Ausweisung geeigneter Flächen für 
Terrassen und Erdwälle erfolgt in Abhängigkeit von meteorologischen, hydrologischen und 
topographischen Eignungskriterien sowie der Landnutzung/-bedeckung und der Boden-
eigenschaften. Aufforstungsszenarien werden für die in der Region Cajamarca weit 
verbreiteten Kiefern- und Eukalyptusbestände entwickelt. Die grundlegende Idee hierbei ist, 
dass die bereits existierenden Aufforstungsflächen die Keimzelle für weitere Aufforstungen 
darstellen und, dass vorrangig stark degradierte Flächen aufgeforstet werden. Für die 
Errichtung von Rückhaltedämmen werden zwei Szenarien entwickelt: der Einbau von 
Rückhaltedämmen in allen Gerinneabschnitten und der Einbau von Rückhaltedämmen in nur 
periodisch durchflossenen Gerinneabschnitten. 
Das Niederschlag-Abfluss-Modell NASIM wird szenarienbasiert eingesetzt, um den 
Einfluss der untersuchten boden- und wasserkonservierenden Maßnahmen auf die Einzugs-
gebietshydrologie des Ronquillo zu quantifizieren. Die Modellierungsergebnisse zeigen, dass 
Terrassen, Erdwälle und Aufforstungen einen erheblichen Einfluss auf die Hydrologie des 
Ronquillo haben. Der Einfluss von Rückhaltedämmen ist hingegen von untergeordneter 
Bedeutung. Die Maßnahmen in der Fläche verringern die Oberflächenabflussbildung und 
reduzieren die Hochwasserspitzen; aber gleichzeitig nimmt die Abflussmenge ab. Die 
Aufforstung mit Kiefern- und Eukalyptusbeständen erhöht gegenüber der natürlichen 
Vegetation oder der landwirtschaftlichen Nutzung die Interzeptionsverdunstung und die 
Transpiration. Die höhere Transpirationsleistung der Aufforstungsflächen drückt sich in der 
Änderung der Bodenfeuchte und der Verringerung der Abflussmenge flussabwärts aus. Ein 
verminderter Bestandsniederschlag und eine geringere Bodenvorfeuchte reduzieren die 
Oberflächenabflussbildung und auch die Hochwasserscheitel. Die infiltrationsfördernden 
Terrassen und Erdwälle erhöhen lokal die Wasserverfügbarkeit und verringern sowohl den 
  
xxi 
Oberflächenabfluss als auch die Abflussmaxima. Das im Boden gespeicherte Wasser wird aber 
aufgrund der hohen potentiellen Evapotranspirationsraten nicht abflusswirksam, sondern 
verdunstet oder transpiriert.  
Die Ergebnisse zeigen, dass landwirtschaftlich genutzte Böden im Einzugsgebiet des 
Ronquillo nicht geeignet sind, Wasser über längere Zeiträume zwischen zu speichern, um die 
Wasserverfügbarkeit in den Trockenperioden zu erhöhen. Desweiteren zeigt sich, dass 
Terrassen und Erdwälle den Oberflächenabfluss effizienter reduzieren als Aufforstungen, 
insofern als dass sie die Wasserverfügbarkeit flussabwärts nur in vergleichsweise geringerem 
Maße reduzieren. 
Das Forschungsvorhaben verdeutlicht, dass die Implementierung der untersuchten 
Maßnahmen in der Fläche (Terrassen, Erdwälle und Aufforstung) eine Umverteilung der 
Wasserströme innerhalb des Einzugsgebietes des Ronquillo bewirkt. Daher sollte die 
Umsetzung dieser Maßnahmen von einem integrierten Einzugsgebietsmanagement begleitet 
werden. Ein integrierter Ansatz ermöglicht es, Ober- und Unterlieger betreffende 
Auswirkungen auf die Ressourcen Wasser und Boden zu betrachten, zu bewerten und 













Mountain areas are an important source of freshwater for adjacent lowlands (Viviroli and 
Weingartner 2004; Viviroli et al. 2007). In the Andean region most of the population centers 
are located in the arid and semi-arid regions along the Pacific coast and depend on water 
supply from the Andean highlands (Tovar-Pacheco et al. 2006; Viviroli et al. 2011; Lavado-
Casimiro et al. 2012). In addition, some other important Andean population centers, such as 
Bogotá in Colombia, Quito in Ecuador, Cajamarca in northern Peru, and La Paz in Bolivia, are 
located in the Andean highlands. The availability of water resources to these high-altitude 
urban agglomerations depends almost exclusively on the water yield of nearby mountain 
ranges (Mulligan et al. 2010; Buytaert and De Bièvre 2012). In the Andean region the 
headwaters are known to be water source areas and water recharge areas (Buytaert et al. 
2006a). The Andean headwaters, including wetlands and glaciers, act as buffer systems against 
seasonal precipitation and ensure water provision during the dry season. They are thus crucial 
for the citizens of the Andean countries (Vuille et al. 2008; Buytaert et al. 2011).  
The mountainous region of the northern Andes is characterized by an absence of glaciers, 
and thus the main source of freshwater is precipitation. The allocation of water resources 
strongly depends on the hydrological function (collection, storage and discharge) of the 
watersheds (Black 1997). In respect to water security, defined as the “availability of an 
acceptable quantity and quality of water for health, livelihoods, ecosystems and production, 
coupled with an acceptable level of water-related risks to people, environments and 
economies” (Grey and Sadoff 2007), soil erosion is a severe issue, for in the non-glaciated 
areas of the northern Andes soils are of major relevance to the base flow generation (Buytaert 
et al. 2006a; Célleri and Feyen 2009). Land degradation is attributable to inappropriate land 
use and insufficient conservation practices, and is defined as a temporary or permanent decline 
in the productive capacity of an ecosystem (Scherr and Yadav 1996; Eswaran et al. 2001). 
Land degradation deteriorates the hydrological function of watersheds, and thus poses a 
fundamental threat to water security. However, land degradation does not have to be an 
irreversible process, as soil and water conservation (SWC) can mitigate land degradation, and 
thus secure water resources and land productivity (Nyssen et al. 2009). 
A vast number of SWC measures, techniques and practices have been implemented in 
nearly all semi-arid landscapes around the world (Bruins et al. 1986; Prinz 1996). These 
measures are sustainable (Denevan 1995) and have been shown to enhance water productivity 
(Tian et al. 2003; Oweis and Hachum 2006; Kahinda et al. 2007; Makurira et al. 2009) and 
reduce surface runoff and soil erosion (Dehn 1995; Alegre and Rao 1996; Gardner and Gerrard 
2003; Hammad et al. 2004; Al-Seekh and Mohammad 2009). Nevertheless, the success of 
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initiatives promoting SWC is far from guaranteed (Hudson 1991) and the SWC adoption rates 
often remain very low (Mekdaschi Studer and Liniger 2013). The variables that influence the 
adoption of a particular SWC measure are context and site dependent. However, the literature 
points to several key factors that influence the adoption of resource conservation measures:  
(i) inputs and materials, (ii) incentives and credits, (iii) training and education, (iv) land and 
water use rights, (v) access to markets for inputs and outputs, (vi) research, monitoring and 
assessment, (vii) genuine participation of land users and professionals, (viii) profitability of the 
SWC measures and long-term financial benefits (e.g. increased production, reduced labor 
input, higher off-farm income, etc.) and (ix) adaption and fine-tuning of standard designs of a 
particular technology to the local natural, socio-economic and cultural environment (de Graaff 
et al. 2008; Liniger et al. 2011; Mekdaschi Studer and Liniger 2013). 
In order to promote SWC as a tool for resource conservation and sustainable development, 
and to provide decision-making support to planers, decision-makers and local land users, it is 
essential to make use of sound science-based procedures for assessing the environmental and 
socio-economic impact of SWC at different spatial and temporal scales. The overarching 
question is as follows: What will be the environmental and socio-economic impacts of SWC? 
This question must be answered regardless of the scale of the project – from small-scale 
isolated plots to projects covering a whole watershed or landscape – and must also take 
temporal consideration into account – i.e. what are the impacts from project start up to the 
distant future. 
Against this backdrop, the present thesis assesses the impact of selected SWC measures on 
the hydrology of the Ronquillo watershed in northern Peru. The research was undertaken as 
part of the research project The conservation of water and soil resources in the Chetillano and 
Ronquillo basins in the Northern Sierra of Peru (CASCUS) [in Spanish: Conservación del 
agua y suelo en las cuencas de los ríos Chetillano y Ronquillo en la Sierra norte del Perú]. 
The project aims to develop a science-based integrated soil and water resource management 
strategy for the region under investigation. The present thesis contributes to the overall aim of 
the research initiative by strengthening the knowledge base on the hydro-meteorological 
boundary conditions in the research area, and by quantifying the impact of selected resource 






1.1 The research project CASCUS  
1.1.1 CASCUS – project development and project progression 
In 2006, Professor Achim Schulte, the head of the working group Applied Geography, 
Environmental Hydrology and Resource Management at the Institute of Geographical Sciences 
at Freie Universität Berlin, was invited to Cajamarca, Peru by Dr. Alonso Moreno, then head 
of the Cajamarca branch of the Deutsche Geschellschaft für Internationale Zusammenarbeit 
(GIZ). Professor Schulte, an expert in flood risk management, with a special focus on 
decentralized flood protection (DFP), was asked to develop a project to apply the DFP concept 
to the Andean environment. In 2008 the research project The conservation of water and soil 
resources in the Chetillano and Ronquillo basins in the Northern Sierra of Peru (CASCUS) 
was initiated. It sought to implement decentralized resource conservation measures in order to 
improve water availability and reduce overland flow, thus hindering soil erosion and land 
degradation. The research project was kindly funded by the Hans Sauer Stiftung, a German 
foundation, during 2008–2012. 
The catchments of the Chetillano River (approx. 182 km2) and the Ronquillo River (approx. 
42 km2) were picked as key research areas. Their borders constitute the South American 
Continental Water Divide (SACWD) in the region of Cajamarca. The watersheds are thus 
considered as Andean headwaters, which are known to be crucial for water resource 
availability in the Andean region (Buytaert et al. 2006a). The eastward draining Ronquillo 
watershed is of special interest for the city of Cajamarca, as its water resources contribute to 
the urban water supply (EPS SEDACAJ S.A. 2006). The westward draining Chetillano 
watershed is of interest, as the downstream Gallito Ciego reservoir is rapidly filled with 
sediments due to erosion processes (Loayza 1999; Walter et al. 2012). As a result, the 
operational life of Gallito Ciego reservoir, completed in 1988, has been reduced to 33 years, 
instead of the originally calculated 50 years (Chavez et al. 2013). 
The research within CASCUS is conducted in cooperation with several Peruvian 
governmental and non-governmental organizations – namely, El Centro Ecuménico y Acción 
Social Norte (CEDEPAS Norte), the Cajamarca branch of the Deutsche Geschellschaft für 
Internationale Zusammenarbeit (GIZ), Instituto Cuencas, Consorcio Interinstitucional para el 
Desarrollo Regional (CIPDER), Asociacion para el Desarrollo Rural de Cajamarca 
(ASPADERUC), Universidad Nacional de Cajamarca (UNC), Servicio Nacional de 
Meteorología e Hidrología del Perú (SENAMHI), Empresa Prestadora de Servicios de 
Saneamiento de Cajamarca S.A. (EPS SEDACAJ S.A.), the provincial capital of Cajamarca, 
and the district capitals of Chetilla and Magdalena.  
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From 2008 to 2012 five long-term field campaigns were conducted. In February 2008 the 
research area was explored in order to gain a geographical overview and to find representative 
sampling-taking sites and appropriate locations for the installation of measurement equipment. 
In July and August 2008, three weather stations (Davis Vantage Pro II) and two pressure 
transducers (Orpheus Mini, OTT Hydrometrics) were installed in order to extend the existing 
hydro-meteorological monitoring network in the region (Figure 1–1). Additional field 
campaigns were conducted in February to March 2009 and in August to September 2009. 
During the latter period, a group of German students from the Department of Earth Sciences at 
Freie Universität Berlin joined the research team. Together with Peruvian students at UNC, 
field measurements were undertaken in the Ronquillo region. Since then several papers have 
been completed by German students, which are listed in Table 1–1. In September 2012 the 
preliminary results of the CASCUS research project were presented at two symposia in Peru – 
one held in Lima at the Universidad Nacional Agraria La Molina (UNALM) and the other held 
in Cajamarca at the UNC.  
 
 
Figure 1–1: During the CASCUS research project, three Davis Vantage Pro II weather stations and two 
pressure transducers (OTT Orpheus Mini) were installed in the area under investigation.  
Left: Installation of the Alto Chetilla rain gauge at 3422 m asl. Right: Installation of the pressure 
transducer at the Ronquillo water intake at an altitude of 2838 m asl. To view sites composing the 






From 2012 to present, research activities have continued, thanks to the funding of the Hans 
Sauer Stiftung and the German Federal Ministry of Education and Research (BMBF). A 
follow-up research initiative is currently in preparation, preliminarily titled CASCUS II, in 
which even more German and Peruvian research institutions, such as Technische Universität 
Kaiserslautern, Universidad Nacional Mayor de San Marcos (UNMSM), and UNALM, among 
others, will take a part. 
 
Table 1–1: Bibliographical list of finalized and ongoing Bachelor and Master theses related to the 
research project CASCUS (2008 to 2015) 







Hydrologische Charakterisierung des Río Ronquillo in 
der nördlichen Sierra Perus: Faktoren – Monitoring – 
Hydraulische Modellierung (Hydrological 
Characterization of the Ronquillo River in the 
Northern Sierra of Peru: Factors, Monitoring, 





Qualitative und semiquantitative Charakterisierung 
der Bodenerosionsformen im Einzugsgebiet des Río 
Manzana in der Region Cajamarca, nördliche Sierra 
Peru (Quantitative and semi-quantitative 
characterization of soil erosion forms in the Manzana 





Landnutzungsveränderungen im Einzugsgebiet des 
Río Manzana in der nördlichen Sierra Perus. Eine 
Untersuchung anhand eines historischen Luftbildes 
und Quickbird-Satelliten-Daten (Land use changes in 
the Manzana River watershed in the northern Sierra of 
Peru: An investigation on the basis of historical aerial 







Sven Abendroth  
Hydrogeologische Untersuchung im Einzugsgebiet 
des Río Ronquillo in der nördlichen Sierra Perus 
(Hydrogeological investigation in the catchment of the 
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Table 1–1: (continued) 







Charakterisierung der Niederschlagsverteilung von 
2005 bis 2010 in der Region Cajamarca, nördliche 
Sierra Perus (Characterization of rainfall patterns from 
2005 to 2010 in the region of Cajamarca, northern 








Landnutzungsänderungen und ihr Einfluss auf die 
Wasserverfügbarkeit im Einzugsgebiet des Ronquillo 
– eine hydrologische Modellierung (Land use change 
and its impact on the water availability in the 
Ronquillo watershed – a hydrological modeling 
















Quantifizierung und Bewertung der Bodenerosion im 
Einzugsgebiet des Río Ronquillo in den nördlichen 
Anden Perus (Quantification and assessment of soil 
erosion in the Ronquillo River watershed in the 





Untersuchung der Höhenstufe Jalca im EZG des Río 
Ronquillo im Hinblick auf ihre Retentionsfunktion 
(Investigation of the altitudinal belt Jalca in the 





Sonja Taheri Rizi 
Klassifikation von Landnutzung und Landbedeckung 
zur Ermittlung des Wasserbedarfs im Einzugsgebiet 
des Río Mashcón in den nördlichen Anden Perus 
(Land use and land cover classification in order to 
identify water demand in the Mashcón River in the 









1.1.2 Methodological framework of the CASCUS research project 
In the CASCUS research project, large-scale water related problems are addressed with 
adaptive, small-scale measures for managing water and soil resources. The project is informed 
by an integrated and holistic approach. The resource management strategy promoted within the 
CASCUS research project aims to optimize water availability in the watershed as well as 
downstream, and simultaneously to optimize the protection of soil resources. The small-scale 
and low-cost conservation measures aim to locally enhance water availability, and thus support 
land productivity (Tian et al. 2003; Oweis and Hachum 2006; Kahinda et al. 2007; Makurira et 
al. 2009). Once a critical level of adaptation is achieved throughout the watershed, the 
hydrological functions of the watershed will be affected, thus impacting the water availability 
downstream and affecting the livelihood and the economic development of the urban centers 
further downstream. 
The outlined resource management strategy is consistent with the concepts of DFP or 
decentralized water retention (DWR), which are based on the idea that measures of protection 
or conservation can be distributed throughout a drainage area instead of – or in addition to – 
the development of large technical constructions downstream (Reinhardt et al. 2011). In the 
German literature DFP (or DWR) and its principles are well established (Assmann et al. 1998; 
Marenbach and Koehler 2003; Röttcher et al. 2007; Schulte et al. 2009; Reinhardt 2010; 
Bölscher et al. 2013). In order to adapt the concept of DFP/DWR to the Andean environment, 
the catalogue of potential conservation measures (for an overview see Reinhardt 2010) was 
extended with the supplemental adoption of SWC measures (Hudson 1987; Critchley and 
Siegert 1991; Critchley et al. 1994; Prinz 1996; Oweis et al. 1999; FAO 2000; Unger and 
Howell 2000; Lancaster 2006; Oweis and Hachum 2006; Lesschen 2007; Lancaster 2008). In 
addition, the strong heterogeneity of the Andean landscape was taken into account through the 
development of a tailored set of promising conservation measures for each landscape type.  
Figure 1–2 illustrates the adapted DFP/DWR concept for a typical northern Andean 
watershed, void of snow-dominated areas. Within such a watershed, distinct ecoregions 
(Pulgar-Vidal 1996) or altitudinal belts (Stadel 1991) emerge, each of them characterized by 
different land cover due to differing meteorological and hydrological boundary conditions. The 
figure illustrates that the lower parts of the watershed are characterized by scare vegetation, 
owing to arid and semi-arid climatic conditions, whereas in the middle part of the watershed, a 
patchy pattern of land cover emerges, owing to more favorable hydro-climatic conditions. 
Depending on site-specific environmental boundary conditions, widespread agricultural and 
pastoral activities alternate with shrubland and herb cultivation. In the upper part of the 
watershed, low temperatures constrain agriculture, and higher rainfall favors the expansion of 
natural grasslands.  
1.1 The research project CASCUS 
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In line with the principles the DFP/DWR concept, the CASCUS research project intends to 
manage the outlined “starting conditions” by promoting an “aspired state,” in which different 
conservation measures are distributed throughout the drainage area. As Figure 1–2 makes 
clear, the type of conservation measure employed needs to correspond to the environmental 
boundary conditions. Check dams, for example, are appropriate for mitigating gully erosion, 
and mechanical structures such as terraces and bund systems or small-scaled reservoirs (micro 
reservoirs) can mitigate soil erosion and improve land productivity, and/or enhance water 
availability. As a supplemental measure, one should promote land use changes, conservation 
agriculture and the temporary storage of floodwater in reservoirs (water retention basins). In 
the relevant literature, many more techniques and measures for soil and water conservation are 
described than illustrated in Figure 1–2. For a review of different SWC techniques and 
measures see Morgan (1986), Hudson (1987), Young (1989), Critchley and Siegert (1991), 
Oweis et al. (1999), FAO (2000), Lancaster (2006), Lesschen (2007), Zeh (2007), Bekele et al. 
(2009), Blanco-Canqui and Lal (2008), Lancaster (2008), Schwilch et al. (2010), Liniger et al. 
(2011), and Mekdaschi Studer and Liniger (2013).  
 
 
Figure 1–2: Concept for the implementation of soil and water conservation measures in an Andean 
watershed. The map is more representative of watersheds draining the western escarpment of the Andes, 
where rainfall increases with altitude. It is not as representative for the eastern slopes of the Andes, 
where the highest amount of rainfall is observed below 1500 m asl (Espinoza-Villar et al. 2009), or for 
glaciered watersheds, where hydrology is strongly related to glacier fluxes (Ribstein et al. 1995; Kaser 







1.2 Study area and related environmental problems 
The study area is the Ronquillo watershed, located in the vicinity of the city of Cajamarca, 
in the northern Andes of Peru (Figure 1–3). The catchment of the Ronquillo River, which is a 
key research area in the CASCUS project, extends from the SACWD at an altitude of approx. 
4000 m asl to the Ronquillo gauging station (2838 m asl) at the urban fringe of the city of 
Cajamarca. The above-ground catchment area encompasses approximately 42 km2 and drains 
into the Amazon via the Cajamarca, the Crisnejas and Marañón rivers. Thus, the Ronquillo 
watershed is a headwater basin of the Amazon River. 
 
 
Figure 1–3: Overview of the area of interest based on satellite imagery. In the region of Cajamarca, 
the SACWD (white dotted line) divides the watersheds (black shaded areas) of the westward 
draining Jequetepeque River and the eastward draining Crisnejas River, constituting the Pacific 
and the Atlantic watersheds, respectively. The Jequetepeque River drains directly into the Pacific 
Ocean, whereas the Crisnejas River is a headwater basin of the Amazon River. The Chetillano and 
the Ronquillo watersheds (green line) are the key research areas within the CASCUS project. The 
city of Cajamarca is located southeast of the outlet of the Ronquillo River. North of the city of 
Cajamarca, the Yanacocha gold mine covers a large area, extending on both sides of the SACWD 
(black and grey checked area; spatial extent in 2006). The Gallito Ciego reservoir, located in the 
Jequetepeque watershed, produces electricity and supplies water for the irrigation of the coastal 
plains. (Data source: Landsat 7 ETM 7-4-2, WGS84 UTM Zone 17 South, and SRTM 90m digital 
elevation model, and Gobierno Regional de Cajamarca). 
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Orogenes such as the Andes are characterized by varying vertically arranged landforms, 
emerging as altitudinal belts (Blüthgen and Weischet 1980; Stadel 1991). To account for the 
hypsometric changes of the Peruvian landscape, the Peruvian geographer Javier Pulgar-Vidal 
defined in his magnum opus Las ocho regiones naturales del Perú, first published in 1941, 
eight different regions, which differ from each another by altitudinal range as well as 
climatological, geomorphological and biotic features. Following the landscape classification 
scheme proposed by Pulgar-Vidal (1996), two distinct ecoregions, the Quechua (2300–
3500 m asl) and the Jalca (3500–4000 m asl), can be identified within the Ronquillo watershed 
(see Figure 1–4 and Figure 1–5). The Quechua is characterized by widespread agricultural 
activities (wheat, corn, potatoes), whereas grassland is predominant in the Jalca, as cultivation 
is impaired by lower temperatures and wet atmospheric conditions (Pulgar-Vidal 1996; 
Sánchez-Vega and Dillon 2006). 
 
 
Figure 1–4: Photo of the Ronquillo River taken on September 7, 2009. The photo shows the deeply 
incised Ronquillo River in the lower watershed, corresponding to the Quechua altitudinal belt. In the 
lower part of the Ronquillo River there is an alluvial valley bottom, which is mainly used for grazing or 
irrigation farming. The less steep terrain of the lower watershed area is characterized by widespread 
agricultural activities; in some areas the cultivation extends up to the hilltops. The severely degraded 
steep flanks are dominated by shrubs, whereas trees, mainly Eucalyptus globulus, are planted along the 






The area under investigation is located in a region of overlapping cold humid and moderate 
sub-humid climates (ONERN 1975). Mean temperature is 11–16°C in the Quechua and 7–
10°C in the Jalca (ONERN 1975, 1977). Mean annual rainfall in the Quechua varies from 
approx. 500–1200 mm, according to rain gauges used in the present study (see section 2). The 
high variability in the numbers indicates that generalization of mean annual rainfall in the 
Andean environment is a difficult task, as spatial rainfall patterns are affected by local 
topography, rain shadowing effects, and local wind fields (Buytaert et al. 2006b; Rollenbeck 
and Bendix 2011). Information on rainfall in the Jalca is scarce, though ONERN (1975, 1977) 
reports that mean annual rainfall exceeds 1100 mm. The rainfall regime is characterized by a 
distinct dry season from May to September and a major rainfall period from October to April. 
The pronounced seasonal rainfall regime is a response to the seasonal displacement of the 
Intertropical Convergence Zone and the South Atlantic and South Pacific anticyclones. 
Consequently, in terms of water resource management, water appears to be an abundant 
commodity during rainy seasons, whereas during dry seasons water is scarce (Figure 1–6).  
 
 
Figure 1–5: Photo of the upper Cushunga watershed, a subwatershed of the Ronquillo River, taken on 
September 2, 2009. The photo shows the characteristic landscape of the Jalca altitudinal belt. An alpine 
grassland ecosystem extends over gently sloping Mesozoic sediments and outcrops of Paleogene 
volcanic rocks. The bedrock is overlain by organic, black colored soils, typically covered by bunch 
grass vegetation (Luteyn 1992; Sánchez-Vega and Dillon 2006). The high water retention capacity of 
the soils constrains farming to the slopes, as these areas drain more quickly. Plain areas are 
preferentially used for pasture. Owing to afforestation initiatives during the last decades, mainly pine 
species (e.g. Pinus radiata and Pinus patula) have been introduced in the Jalca orobiome (Sánchez-
Gómez and Gillis 1982; van den Abeele 1995; Sánchez-Zevallos 1998, 2000) (Photo: Krois 2009). 
 
Corresponding to the seasonality in rainfall, high discharges during rainy seasons endanger 
the urban and rural infrastructure and result in the loss of water resources, as the water rapidly 
drains from the catchments. Moreover, owing to surface runoff generation and related fluvial 
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and erosive processes, the watersheds suffer soil erosion and degradation (De la Cruz et al. 
1999). Consequently, the negative effect exerted by pronounced rainfall seasonality on water 
availability is reinforced by the fact that the water retarding capacity of river basins is 
undermined in a self-reinforcing process in which continued soil erosion causes degradation of 
the absorptive function of the topsoil, which reduces water infiltration rates and thus enhances 
the generation of surface runoff, which causes even more soil erosion (Martinez-Mena et al. 
1998; Römkens et al. 2002; Carrillo-Rivera et al. 2008). Owing to this self-reinforcing process, 
the natural water retarding and water storage capacity and also the groundwater recharge of the 
watersheds decline. As a result, the generated base flow does not provide sufficient discharge 
to meet the human demand for water resources during the dry season. Additionally, 
inappropriate land use and a lack of conservation practices enhance land degradation and the 
deterioration of the hydrological functions of the watersheds. 
 
 
Figure 1–6: Walter Lieth climate diagram for the city of Cajamarca. 
The temperature axis on the left side refers to monthly mean 
temperature and the precipitation axis on the right side refers to 
average monthly precipitation. The diagram distinguishes between dry 
(yellow shaded area), wet (blue shaded area) and humid (blank area) 
conditions (Walter and Lieth 1960). The figure indicates that the dry 
period extends from May to September (data source: Müller 1996). 
 
The water resources of the Ronquillo River are of special interest to the city of Cajamarca, 
as about one third of the total urban water supply is provided by discharge from the Ronquillo 
River (Atkins et al. 2005; EPS SEDACAJ S.A. 2006). However, in recent decades, a growing 
urban population (CENAGRO 2012) accompanied by an increase in water demand (EPS 
SEDACAJ S.A. 2006), has resulted in severe water shortages. The interruption of water 
services in the city for several hours a day during the dry season is now common, underscoring 
the magnitude of the problem (CES 2010). By 2035 water demand will double compared to 




Accordingly, residents of the Cajamarca region attach great importance to water resource 
issues, not only because of restricted water availability, but also because of a rapidly growing 
mining industry. Since the 1990s, transnational mining companies have greatly expanded their 
presence in Peru (Bury 2002). The mining activities in the headwaters are perceived as 
affecting downstream water quantity and quality (Bury 2004, 2005; Barenys et al. 2014) and 
are a trigger of severe social unrest (Gifford et al. 2010; Triscritti 2013). Against the backdrop 
of such social tensions, it becomes even more important to assess the hydrological functions of 
headwater basins and to develop strategies for water resource management and soil protection. 
 
Table 1–2: Projected increase in population and water use in the city of Cajamarca (EPS SEDACAJ 
S.A. 2006) 
Year 2005  2006 2010 2015 2020 2025 2030  2035 
Inhabitants  115,116  119,350 136,287 157,458 178,629 199,800  220,970  242,141 
Increase (%)  0 4  18 37 55 74 92  110  
Water use (ls-1)  222 231 261 309 359 404 449  494  
 
1.3 Aims, objectives and outline of this study 
The aim of the present thesis is to contribute to the CASCUS project by (1) strengthening 
the knowledge base on hydro-meteorological boundary conditions in the research area, and (2) 
advancing the envisioned integrated resource management strategy by quantifying the impact 
of selected resource conservation measures on the hydrology of the Ronquillo watershed. In 
order to achieve the above stated aim, research was undertaken in several stages (Figure 1–7). 
Specifically, these stages were: (1) the exploration of the meteorological and hydrological 
boundary conditions, (2) the development of scenarios for the implementation of resource 
conservation measures, and (3) the assessment of the hydrological impact of resource 
conservation measures on the catchment using hydrological modeling.  
In light of the foregoing, the specific technical goals of the present study are as follows: 
i. To fill the knowledge gap related to spatial and temporal rainfall characteristics in the 
region under investigation. 
ii. To contribute to a better understanding of the hydrology of the Ronquillo by 
quantifying its base flow and its natural water storage capacity, and by relating them to 
the existing natural water storage entities, with an emphasis on low flow conditions 
during the dry season. 
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iii. To develop a GIS-based multi-criteria evaluation process in order to conduct a site 
assessment of resource conservation measures in the Ronquillo watershed. 
iv. To assess and quantify the impact of selected resource conservation measures on 
Ronquillo River water yield, overland flow generation, and high flows using a 
hydrological model. 
 
The thesis is organized based on the multi-stage research approach presented in Figure 1–7. 
Sections 2 and 3 focus on the meteorological and hydrological boundary conditions. Section 4 
presents the site assessment procedure for resource conservation measures in the Ronquillo 
watershed. Section 5 elaborates the hydrological modeling used to assess and quantify the 
impact of resource conservation measures on the hydrology of the Ronquillo watershed.  
The main scientific results, presented in sections 2 to 5, are prefaced by section 1, which 
gives an introduction to the overall research program, the study area and the related 
environmental problems. Section 1 outlines the main research questions, as well as the aim and 
the main objectives of the present study. Sections 6 to 7 offer a synthesis of the research 
findings and the conclusions.  
 
 
Figure 1–7: Flow chart detailing the multi-stage research approach of 
the present thesis 
 
Sections 2 to 5 consist of papers that were published in international peer-reviewed journals 
or conference proceedings (Table 1–3). All of the papers included in these sections were 
entirely structured and prepared by the author of the present composition. Additionally, the 




the peer-review process. The hydro-metrological raw data analyzed in section 2 and section 3 
was gathered and transmitted to the author by Carlos Cerdán. Edwin Pajares supported the 
installation of the monitoring network by networking and negotiation. The manuscript in 
section 3 is inspired by the thesis of Sven Abendroth (Abendroth 2011).  
To improve readability of the present compilation, the original published manuscripts have 
been adapted to fit the overall text layout.  
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3 
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2. Temporal and spatial characteristics of rainfall patterns in the 
northern Sierra of Peru – a case study for La Niña to El Niño 
transition from 2005 to 2010 
 
Joachim Krois1, Achim Schulte1, Edwin Pajares-Vigo2, & Carlos Cerdán-Moreno2 
1Freie Universität Berlin, Department of Earth Sciences, Institute of Geographical Sciences, Applied Geography, Environmental 
Hydrology and Resource Management, Malteserstraße 74-100, 12249 Berlin, Germany 
2El Centro Ecuménico y Acción Social (CEDEPAS) Norte, Los Sauces 558 Urb. El Ingenio, Cajamarca, Peru 
Abstract  
The climatic conditions of the northern Sierra of Peru are marked by the interaction of 
different macro- to mesoscale climatic features such as the El Niño Southern Oscillation 
(ENSO) or Mesoscale Convective Complexes and the seasonally shifting Intertropical 
Convergence Zone, but also by local scale climatic features such as inhomogeneous 
topography and local wind fields. The region under investigation, located in the vicinity of the 
South America Continental Water Divide (SACWD), provides the opportunity to study 
interactions of western and eastern disturbances in a high mountain environment and their 
effects on rainfall variability. In general, rainfall variability is related to diurnal convection 
patterns, enhanced by valley breeze systems and modulated by local scale wind anomalies. 
Spillover of low-level air masses of Pacific origin passing over the Andean ridges is frequent. 
Although direct effects of ENSO on high Andean rainfall variability are in debate, the findings 
show that the majority of rain gauges used in this study follow an El Niño/dry and a La 
Niña/wet signal. However, high elevation areas on the western escarpment of the Andes 
benefit from abundant nocturnal rainfall that partly offsets the rainfall deficits during El Niño. 
Our data suggest that the spatial extent of this easterly wet pulse is limited to areas located 
above 3000 m asl. ENSO cycles contribute to rainfall variability near the SACWD in the 
northern Sierra of Peru by modulating the seasonal rainfall regime and causing a positive 
temperature anomaly.  
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3. Dry season runoff and hydrological buffer systems in the high 
Andean catchment of Río Ronquillo in the northern Sierra of 
Peru 
 
Joachim Krois1, Sven Abendroth2, Achim Schulte1 & Michael Schneider2 
1Freie Universität Berlin, Department of Earth Sciences, Institute of Geographical Sciences, Applied Geography, Environmental 
Hydrology and Resource Management, Malteserstraße 74-100, 12249 Berlin, Germany 
2Freie Universität Berlin, Department of Earth Sciences, Institute of Geological Sciences, Hydrogeology, Malteserstraße 74-
100, 12249 Berlin, Germany 
Abstract  
In the northern Sierra of Peru, water scarcity issues arise owing to the seasonal rainfall 
distribution and the lack of appropriate natural water storage capacity of river basins. The 
present study assesses the base flow and water storage volume of the Ronquillo watershed, an 
important rivulet for water abstraction for the city of Cajamarca. Mean base flow is 184 ls-1, 
thus representing 44% of total stream flow. Flow recession curve analysis yields a mean 
catchment water storage volume of 3.57 x 106 m3, which corresponds to a runoff depth of 
85 mm. The gravitational water storage volume of Andosols, a soil type known to be a very 
important water reservoir in the Andes, corresponds to a runoff depth of 33 mm. Moreover, the 
study shows that the geological environment is of major relevance. Springs (18 mm) and an 
effluent flow regime (20 mm) contribute significantly to dry seasonal runoff. The findings 
imply that water conservation in the Ronquillo watershed should place emphasis not only on 
the preservation of soils, but also on subsurface water flow paths, as water availability is 
affected by processes operating beyond topographically derived catchment boundaries.  
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4. GIS-based multi-criteria evaluation to identify potential sites 
for soil and water conservation techniques 
 
Joachim Krois1 & Achim Schulte1 
1Freie Universität Berlin, Department of Earth Sciences, Institute of Geographical Sciences, Applied Geography, Environmental 
Hydrology and Resource Management, Malteserstraße 74-100, 12249 Berlin, Germany 
Abstract  
This study presents a method to identify and rank potential sites for soil and water 
conservation techniques. The method takes into account environmental site assessment criteria 
and a decision-making method known as the Analytic Hierarchy Process. Spatial data is 
processed by applying a geographic information system and potential sites are ranked by a 
multi-criteria evaluation based on meteorologic, hydrologic, topographic, agronomic and 
pedologic criteria. The method is applied to identify potential sites for terraces and bund 
systems in the Ronquillo watershed, located in the northern Andes of Peru. The analysis 
indicates that 44% of the catchment area of the Ronquillo River is highly suited for the 
implementation of terraces, and 24% of the catchment area is highly suited for the 
implementation of bund systems. The preliminary identification of potential sites for soil and 
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5. Modeling the hydrological response of soil and water 
conservation measures in the Ronquillo watershed in the 
northern Andes of Peru 
Joachim Krois1 & Achim Schulte1 
1Freie Universität Berlin, Department of Earth Sciences, Institute of Geographical Sciences, Applied Geography, Environmental 
Hydrology and Resource Management, Malteserstraße 74-100, 12249 Berlin, Germany 
Abstract  
The present study assesses the impact of soil and water conservation techniques on the 
hydrology of the Ronquillo watershed (42 km²) in the northern Andes of Peru. The 
hydrological model NASIM is applied to evaluate the scenario-based implementation of four 
different measures of soil and water conservation (terraces, bunds, afforestation, and check 
dams) with respect to its impact on catchment hydrology. The modeling results indicate that 
earthworks and afforestation significantly affect flow volume, overland flow generation, and 
high flows. The impact of check dams on the stream flow characteristics of the Ronquillo 
River is small. Earthworks such as terraces and/or bund structures reduce surface runoff by 
12–28%; however, flow volume diminishes by 6–14% as well. A loss of water for downstream 
usage of 1242–1643 m3ha-1yr-1 is observed. Afforestation with eucalyptus and pine species 
reduces surface runoff by 9–11% and flow volume by 6–8%. Water loss due to enhanced 
interception and transpiration rates of plantations compared to native species or crops amounts 
to 1062–2586 m3ha-1yr-1. On average, high flow discharge is reduced by 2–31%. For a single 
runoff event of the peak over threshold time series, a maximum reduction of 48% in peak flow 
is observed. With respect to the appropriateness of SWC practices for water resource 
management in the Ronquillo watershed, earthworks are more recommendable than 
afforestation because downstream water availability is less affected. 
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This thesis assesses the hydro-meteorological boundary conditions in the Cajamarca region 
in the northern Andes of Peru and quantifies the impact of selected resource conservation 
measures on the hydrology of the Ronquillo watershed. The research was undertaken as part of 
the CASCUS research project, which seeks to enhance water availability, and to reduce 
overland flow, thus dampening soil erosion and land degradation in the Cajamarca region. The 
CASCUS initiative promotes the modification of the watershed’s hydrological functions 
through the implementation of small-scaled soil and water conservation measures, distributed 
throughout the drainage area. For decision-making with respect to resource allocation it is 
essential to have a sound knowledge base concerning temporal and spatial rainfall and runoff 
characteristics, as well as concerning the catchment’s hydrological response to the 
implementation of soil and water conservation techniques (SWCTs). 
The objectives of this thesis are as follows: to fill the knowledge gap related to spatial and 
temporal rainfall characteristics in the region under investigation; to contribute to a better 
understanding of the hydrology of the Ronquillo River; to conduct a site assessment for 
resource conservation measures in the Ronquillo watershed; and, finally, to assess and quantify 
the impact of selected resource conservation measures on the hydrology of the Ronquillo River 
by applying a rainfall-runoff model. Each particular research objective was discussed in the 
foregoing chapters 2–5. In this section, the main outcomes will be summarized and discussed 
from a broader perspective.  
 
6.1 Hydro-meteorological boundary conditions  
6.1.1 Meteorological boundary conditions  
The rainfall regime in the northern Peruvian Andes is governed by the seasonal 
displacement of the Intertropical Convergence Zone. The region under investigation is 
characterized by a mono- to bimodal rainy season, and annual precipitation varies from 
437 mm to 1555 mm, depending on elevation and locality (see Table 2–1). At the Cajamarca 
rain gauge (2621 m asl) with a mean annual rainfall of 716 mm, approx. 88% of annual rainfall 
occurs during the rainy season (Oct.–Apr.) (Müller 1996). While seasonality in rainfall 
generally decreases with altitude, a unique relationship between rainfall and elevation could 
not be established for the region under investigation due to the multifarious factors influencing 
spatial and temporal rainfall patterns, acting on different scales in space and time. Previous 
research has shown that it is difficult to define unique relationships between rainfall and 
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elevation in the Andean region (Ronchail and Gallaire 2006; Celleri et al. 2007; Espinoza-
Villar et al. 2009). 
Topography is an important factor influencing rainfall throughout the area, as it determines 
the main trajectories of air masses by canalizing valley wind systems. In the Jequetepeque 
watershed, which drains the western escarpment of the Andes and is characterized by steep 
valley morphology, a pronounced valley breeze system emerges. Rainfall in the Jequetepeque 
watershed is mainly associated with up-slope breezes that evolve during the forenoon and 
finally meet, oppose and gradually overcome the prevailing easterly winds near the South 
American Continental Water Divide (SACWD).  
In the inter-Andean valley of Cajamarca rainfall patterns are more complex. Rainfall 
variability is related to easterly air flow dynamics, thermally induced diurnal wind systems and 
frequent spillover of Pacific air masses, resulting in a reorganization of local wind fields and 
the strengthening of convective activity.  
Spillover of Pacific air masses across the Andean ridges had been noted before by López 
and Howell (1967), who report that in the west-east oriented Cauca valley of Columbia, 
daytime sea/valley breeze circulation penetrates deeply inland at low levels, and passes across 
north-south oriented mountain barriers. This initiates katabatic winds on the eastern slopes of 
the mountain barrier. An associated hydraulic jump triggers vigorous and localized late 
afternoon and evening convection (López and Howell 1967) – a fine-scale feature of mountain 
climatology that has been confirmed by applying a mesoscale atmospheric circulation model to 
Northwestern South America (Warner et al. 2003).  
In the region under investigation diurnal rainfall patterns are characterized by an 
afternoon/early evening maximum and less pronounced nocturnal peaks around midnight and 
predawn. The late afternoon rainfall maximum is in good accordance with the diurnal cycle of 
convective activity observed over the subtropical Andes (Garreaud and Wallace 1997). 
Furthermore, the secondary nocturnal rainfall peaks point to nocturnal convective activity due 
to up-scaling of storm size through the night (Mapes et al. 2003; Poveda et al. 2005; Bendix et 
al. 2009).  
Superimposed on the meteorological features outlined above is El Niño Southern 
Oscillation (ENSO), with its extreme phases of El Niño (EN) and La Niña (LN). Although 
direct effects of ENSO on rainfall variability in the Northern and Central Andes are under 
debate (Kane 2000; Celleri et al. 2007; Rossel and Cadier 2009), it appears that in the area 
under investigation lower than normal rainfall occurs during EN episodes, whereas normal to 
above-normal rainfall occurs during LN. Other observed anomalies related to ENSO are the 
temporal shift of maximum monthly rainfall, the shift in the diurnal rainfall pattern and a 




whereas rainfall tends to be lower in January and February. In contrast, during LN rainfall 
tends to be below normal in December and higher in January and February. Similar 
observations of rainfall pattern change have been made by Kane (2000), who investigated 
rainfall anomalies due to ENSO in the central Peruvian Andes. Moreover, during EN, 
maximum diurnal rainfall is delayed compared to LN (see Figure 2–7) and a positive 
temperature anomaly of 0.9°–1.5°C is observed. This is a phenomenon that has been noticed 
elsewhere in the Andean highlands (Aceituno 1988; Vuille et al. 2000; Francou et al. 2004).  
In summary, the complex pattern of spatial and temporal rainfall variability in tropical and 
subtropical Andes results from a combination of orographic rainout of moist air being 
transported by tropical easterlies (Vuille et al. 2000; Garreaud et al. 2009), rain-bearing 
mesoscale cloud systems (Laing and Fritsch 1997; Houze 2004; Bendix et al. 2009), ENSO 
(Kane 2000), katabatic drainage flow (López and Howell 1967; Trachte et al. 2010), rotor flow 
in the lee of mountain ridges (Kuettner 1959), and local convection (López and Howell 1967; 
Warner et al. 2003). Accordingly, rainfall patterns are nearly impossible to determine on the 
basis of the monitoring networks existing in many parts of the Andes (Buytaert et al. 2006b; 
Rollenbeck and Bendix 2011).  
In order to gain better understanding of the interlinked hydro-meteorological processes in 
the Andean region, data collection systems must be improved. For instance, the combination of 
a network of high-resolution rain gauges and a rain radar in the high Andean region of Loja, 
southern Ecuador, revealed the complexity of temporal and spatial rainfall patterns in that 
region (Bendix et al. 2006; Rollenbeck and Bendix 2011). This complexity illustrates the 
infeasibility of using standard point data measurements and spatial interpolation methods to 
map spatial and temporal rainfall dynamics in such high mountainous terrain.  
An alternative source for areal precipitation data are satellite based regional precipitation 
estimates such as the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite 
Prescription Analysis (TMPA). Several studies on the accuracy and applicability of TMPA 
data have been conducted for South America and the Andes (e.g. Rozante et al. 2010; Scheel et 
al. 2011; Ochoa et al. 2014). Arias-Hidalgo et al. (2013) highlighted the potential of TMPA 
data sets as input variables for hydrological modeling studies. Recently, Mantas et al. (2015) 
validated the most recent TMPA products against observational data in the Peruvian Andes 
and concluded that for daily time steps TMPA data performs poorly but through temporal 
aggregation the agreement with gauge values increases significantly.  
Another just recently discussed approach to expand our understanding of the hydro-
meteorological boundary conditions in remote and difficult to assess regions such as the Andes 
is subsumed under the term citizen science. The basic idea is that the general public 
participates in the generation of scientific knowledge (Silvertown 2009; Wiggins and 
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Crowston 2011). Although advanced technology is needed for monitoring the water cycle, the 
development of more robust, cheaper and lower maintenance sensing equipment creates new 
opportunities for hydro-meteorological data collection in a citizen science context (Buytaert et 
al. 2014). However, the citizen science approach with respect to water sciences still faces 
major challenges such as the processing, interpretation, and use of heterogenic datasets, as well 
as the quantification of uncertainties, their role in decision support and the web-based 
dissemination of data for end-users (Buytaert et al. 2014; Vitolo et al. 2015). 
 
6.1.2 Hydrological boundary conditions  
In correspondence to the regional meteorological boundary conditions, the Ronquillo 
watershed is characterized by seasonality in discharge. Mean annual runoff depth at the 
Ronquillo gauging station is about 310 mm; however, runoff depth during the rainy season is 
approx. 3.7 times higher than during dry season, or in other words, about 78% of the annual 
discharge drains the Ronquillo watershed during the rainy season (Oct.–Apr.). In the rain-
bearing months discharge dynamics are primarily controlled by surface runoff and fast 
interflow, whereas during the dry season discharge constitutes primarily of base flow. 
In this thesis flood formation areas and direct runoff generation are delineated by applying 
the Soil Conservation Service curve number method (SCS-CN) to the Ronquillo watershed. 
Highest runoff coefficients (the ratio of runoff and rainfall) are observed for the middle parts 
of the catchment (see Figure 4–4B), where the combination of rainfall volumes and soil and 
land coverage is most prone to generate surface runoff. The upper parts of the catchment area 
are less prone to surface runoff generation, which is related to the fact that a large area of the 
upper watershed is covered by Andosols, often referred to as “Páramo soils” (Buytaert et al. 
2005a; Cabaneiro et al. 2008), which are well known for high infiltration capacities (Buytaert 
et al. 2005b; Buytaert et al. 2006a; Célleri and Feyen 2009). In the Páramo grasslands of 
southern Ecuador, for example, infiltration excess overland flow is nearly absent (Buytaert et 
al. 2006a; Buytaert et al. 2007).  
The Andosols in the Ronquillo watershed are characterized by highly permeable topsoil 
underlain by a dense clay-type subsoil or a rock layer of low impermeability. However, in 
contrast to the Páramo grasslands in Ecuador, overland flow is widespread, as witnessed in soil 
erosion, and rill and gully development in the headwaters of the Ronquillo basin (Figure 6–1). 
Rill and gully development is enforced by the presence of man-made linear structures that 
collect and guide runoff, such as tracks, paths and roads, as well as furrows, ditches and farm 
banks (Wemple et al. 1996; Desmet and Govers 1997; Souchere et al. 1998; Takken et al. 
2001; Moussa et al. 2002; Croke et al. 2005; Callow and Smettem 2009). Furchner (2010) 




catchment of the Ronquillo watershed, and found that rill and gully formation is closely 
coupled with the presence of the footpath and dirt road network. Linear features and 
compacted surfaces such as roads enhance runoff connectivity through the physical integration 
of the road and stream network (Wemple et al. 1996; Croke et al. 2005); an issue frequently 
discussed under the framework of hydrological or catchment connectivity (Bracken and Croke 
2007; Bracken et al. 2013). 
 
 
Figure 6–1: Rill and gully formation in the upper Ronquillo watershed. Upper panel: A gully located in 
the upper Cushunga valley at about 3650 m asl. The gully has a length of approx. 44 m, a maximum 
width of 14 m and a maximum depth of 1.5 m. The volume of soil loss corresponds to approx. 247 m3. 
Lower panel: The two photos show the same location in the southern part of the Ronquillo watershed 
(approx. 3550 m asl) in March 2009 and September 2014. In 2009 severe soil erosion is already evident, 
as seen by rill formation (note that the brownish sediments originate from the dirt road, not from the 
soil layer). The construction of the dirt road in the back facilitates surface runoff channelization, as the 
draining water from upslope bypasses the dirt road through pipes or over fords. It is not known for 
what purpose the double-sided stone embankment was constructed; however, in combination with the 
channelized flow owing to the road construction, water erosion is vigorously enhanced so that by 2014 
almost all of the topsoil within the double-sided stone embankment is irreversible lost (Photos: Krois 
2009 and 2014). 
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In contrast to the rainy season, in which surface runoff and flood generation are of major 
relevance, base flow becomes most important during the dry season (June to September). On 
the basis of discharge data collected at the water intake of the Ronquillo River, mean annual 
base flow is estimated by applying the methods provided by Wundt (1953), Kille (1970), 
Lillich (1970) and United Kingdom Institute of Hydrology (Institute of Hydrology 1980). The 
resulting mean base flow rates of 0.200, 0.130, 0.192, and 0.202 m3s-1, respectively are 
combined with a non-linear storage-discharge approach (Wittenberg 1994, 1999), in order to 
calculate the water storage volume of the Ronquillo watershed (see section 3.3). Assuming that 
recharge is negligible during the recession period the water storage volume of the Ronquillo 
watershed is quantified as 3.13 to 3.75 x 106 m3, corresponding to a mean annual runoff depth 
of 74 to 89 mm, with an arithmetic mean of 85 mm.  
The calculated water storage volume of the Ronquillo watershed is further related to the 
existing natural water storage entities, such as the soil layer and the bedrock. The 
quantification of the gravitational water storage volume of the Andosols, which are a major 
source of dry seasonal discharge, results in a volume of 1.4 x 106 m3, corresponding to an 
annual runoff depth of 33 mm (see section 3.4.4.1). Based on documented pouring rates of 107 
springs (Benavides-Ferreyros et al. 2007), an annual runoff depth of 18 mm could be attributed 
to spring discharge (see section 3.4.4.2.1). In addition, an effluence was discovered in the 
lower part of the Ronquillo River during the field campaigns in September 2009 and 
September 2012. The effluence may be attributed to a stratigraphic boundary, intersected by 
the Ronquillo’s stream channel, where a stratum of less permeable claystone underlies strata of 
marls and carbonate rocks (Peña and Vargas 2006). On the basis of discharge measurements 
taken along the longitudinal section of the Ronquillo River in 2009 and 2012 a regression 
model is fitted to the discharge-area relation in order to estimate the effluent flow to the 
Ronquillo River. As a result approximately 26 ls-1 – corresponding to an annual runoff depth of 
20 mm – may be attributed the effluent flow (see section 3.4.4.2.2). 
It is broadly accepted that the Jalca grasslands are a main groundwater recharge area. 
Therefore it is interesting to note that for the Ronquillo basin, groundwater effluence and 
spring discharge are additional important sources for dry seasonal discharge. However, the 
numbers are prone to methodological and data uncertainties and therefore must be considered 
with caution. The lack of reliable data and long term observation requires simplification and a 
number of assumptions to be made. For instance, knowledge about the spatial extension and 
soil depth of the Andosols covering large parts of the upper catchment area is fairly vague. In 
addition, no continuous data on the effluence in the lower part of the Ronquillo is available and 
data of spring discharge is restricted to one season. Though, by summing up the estimates for 




volume of the Ronquillo basin, approximately 83% of the mean water storage capacity can be 
accounted for; the residual, approx. 17%, may be attributed to methodological and data 
uncertainties (Figure 6–2).  
 
 
Figure 6–2: Quantification of natural water storage entities in the Ronquillo 
watershed. The estimates for each particular water storage entity, based on the 
different methods described in the text, are related to the mean water storage 
capacity of 85 mm, obtained by the fitting of non-linear storage-discharge 
relations (Wittenberg 1994, 1999) to the recession curves of the Ronquillo 
River. The numbers for each particular water storage entity in sum account for 
about 83% of the mean water storage capacity. The residual, however, of 
approx. 17%, may be attributed to methodological and data uncertainties. 
 
Despite the critical importance of water resources to society, there is a conspicuous paucity 
of hydrological data in both the spatial and temporal domains. This problem is not restricted to 
the Andean region (Hannah et al. 2011). Indeed, in remote and complex environments such as 
the tropical Andes, lack of data and the difficulty in implementing and maintaining observation 
networks is a key obstacle to advancing hydrological knowledge (Celleri 2011). The Peruvian 
weather authority SENAMHI (http://www.senamhi.gob.pe), maintains a monitoring network 
of considerable scope; however, the monitoring network nodes are biased towards more 
accessible locations, often located close to population centers or roads. To a much lesser extent 
the monitoring network extends to the headwaters, which are crucial for understanding 
hydrological processes for sustainable water resource management and the assessment of 
ecosystem services.  
In order to address the lack of hydrological data for the Andean region the collaborative 
initiative Iniciativa Regional de Monitoreo Hidrológico de Ecosistemas Andinos (iMHEA, 
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http://imhea.condesan.org/) was founded in 2010. This initiative provides a common 
framework for network design, station maintenance, instrument selection and installation, data 
downloading and processing, storage and distribution, and the generation of reports for 
distribution among the communities (Celleri 2011). While iMHEA has not been active in the 
Cajamarca region to date, initiatives such as iMHEA should be considered as partners for 
future hydro-meteorological research projects in the region of Cajamarca or elsewhere in the 
Andean region. Such locally based initiatives may substantially contribute to monitoring-
network maintenance and data management in future field projects. In addition such residential 
initiatives may be entrusted with sustaining monitoring networks beyond the scope of 
dedicated research projects. 
 
6.1.3 Conceptual water balance model for the Ronquillo watershed 
A conceptual water balance model for the Ronquillo watershed is developed by combining 
actual measurements for the period from 2008 to 2012, best available estimates, and rainfall-
runoff model output (Figure 6–3). The estimations for areal precipitation (Pareal) of 
1158 mm yr-1, and for potential and actual evapotranspiration rates (ETp, ETa) of 1023 mm yr-1 
and 675 mm yr-1, respectively, are rainfall-runoff model outputs, based on data from the Alto 
Chetilla, Chamis, and Ronquillo rain gauges. Potential evapotranspiration rates are calculated 
by applying the modified Hargreaves equation given by Droogers and Allen (2002, see 
Equation 5–1). The numbers for evapotranspiration are in good agreement with data published 
by SENAMHI (2011) and by other available sources (González and Picard 1986; Benavides-
Ferreyros et al. 2007; Fernández-Rubio et al. 2012).  
The quantification of the Ronquillo watershed’s water storage volume has been discussed 
before (see section 3.4.3). The Ronquillo’s water storage volume corresponds to a runoff depth 
of approximately 85 mm. Analysis of the hydrological entities constituting base flow indicate 
that, of this amount, gravitational water accounts for 33 mm, spring discharge for 18 mm, and 
groundwater effluence for 20 mm. However, approximately 14 mm could not be accounted for, 
suggesting methodological and data uncertainties. It should be noted that the estimation of the 
Andosol’s water storage volume in the Ronquillo watershed corresponds to a runoff depth of 
approx. 100 mm (see Table 3–5); however, approx. 67 mm of this amount correspond to 
capillary and hygroscopic water, which however do not contribute to the Ronquillo’s 
discharge. 
Computation of the discharge time series from the Ronquillo gauging station yields a mean 
annual runoff depth of 310 mm. The base flow index (the ratio of base flow to total flow) is 




flow, whereas 56% corresponds to direct runoff, constituted by overland flow and fast 
interflow. 
However, according to the common equation for water balance (Q = P - E), where Q is 
discharge, P is precipitation and E is evaporation, the Ronquillo’s runoff depth ought to be 
about 483 mm yr-1, which is higher than the measured runoff depth of 310 mm yr-1. However, a 
water storage term, including capillary and hydroscopic water, and a water loss term, including 
deep percolation losses, were not taken into account. Furthermore, there are uncertainties 
related to the estimation of the precipitation and the evaporation term, including uncertainties 
due to data quality and data availability, spatial extrapolation of point data measurements, 
methodological simplifications, and the lack of knowledge on subterraneous flow paths. 
Accordingly, the figure of measured discharge appears reasonable. 
 
 
Figure 6–3: Conceptual water balance model for the Ronquillo watershed. The figure combines 
data of actual measurements for the period from 2008 to 2012 (see section 3.4.1), best available 
estimates (see section 3.4.3 and 3.4.4), and rainfall-runoff model output (see section 5.3.2). 
Numbers for the hydraulic conductivity of carbonate rocks and siliciclastic rocks are derived from 
Fernández-Rubio et al. (2012) and Peña and Vargas (2006), respectively. 
 
6.2 Decision making and scenario development  
It is widely acknowledged that soil and water conservation (SWC) measures enhance water 
productivity (Tian et al. 2003; Oweis and Hachum 2006; Kahinda et al. 2007; Makurira et al. 
2009) and reduce surface runoff and soil erosion (Dehn 1995; Alegre and Rao 1996; Gardner 
and Gerrard 2003; Hammad et al. 2004; Al-Seekh and Mohammad 2009). However, 
implementing and sustaining SWC measures on the ground is a difficult and multistage task 
(Hudson 1991; de Graaff et al. 2008; Mekdaschi Studer and Liniger 2013). A number of 
variables influence the adoption of SWC measures. Accordingly, diverse options based on 
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various objectives and criteria need to be evaluated when designing an implementation scheme 
(Schwilch et al. 2012).  
Crucial factors for the adoption of a SWC measure are, first, the selection of the appropriate 
SWC measure, and, second, the geographical site selection to implement the measure (de 
Graaff et al. 2008; Liniger et al. 2011; Mekdaschi Studer and Liniger 2013). There are many 
publications and handbooks dedicated to measures, techniques and technologies for soil and 
water conservation (e.g. Morgan 1986; Hudson 1987; Young 1989; Critchley and Siegert 
1991; Oweis et al. 1999; FAO 2000; Lancaster 2006; Lesschen 2007; Zeh 2007; Lancaster 
2008; Bekele et al. 2009; Schwilch et al. 2010; Liniger et al. 2011; Mekdaschi Studer and 
Liniger 2013). However, it remains a challenging task to consider and select an appropriate 
SWC measure for a given location based on a literature survey. A promising approach to 
overcome this obstacle is provided by the World Overview of Conservation Approaches and 
Technologies initiative (WOACT; http://www.wocat.net), which provides tools that allow 
knowledge sharing, assistance in searching for appropriate SWC technologies and approaches, 
and support in decision-making and planning (Liniger and Schwilch 2002). The WOCAT 
methodology was successfully applied in the EU-funded project Desertification mitigation and 
remediation of land – A global approach for local solutions (DESIRE, 2007–2012, 
http://www.desire-project.eu), a global research initiative aimed at mitigating desertification 
and remediating degraded land, and at providing decision support for the selection of 
appropriate resource conservation measures for a number of dryland study sites in the 
Mediterranean and around the world (Schwilch et al. 2012). 
In this thesis SWC measures were taken into consideration, which have already been 
applied, at least at some locations in the region under investigation (Figure 6–4). Thus, an 
emphasis is placed on earthworks (terraces and bunds), on check dams, and on afforestation of 
pine and eucalyptus species, for which the region of Cajamarca is well known (Sánchez-
Zevallos 1998, 2000). Noteworthy, the catalogue of feasible SWC measures taken into 
considerations for the CASCUS research initiative is much broader, including water retention 
basins, micro reservoirs and conservation agriculture, among others. However, a scientific 







Figure 6–4: Measures of soil and water conservation in the region of Cajamarca. Upper left: Terraces 
at the demonstration site “Parcela Pablo Sanchez,” west of the city of Cajamarca (Photo: Schulte 
2006). Upper right: Check dam in Choromayo, a headwater area of the Ronquillo basin (Photo: Krois 
2009). Lower panel: Afforestation area in the Jalca orobiome, north-west of the city of Cajamarca 
(Photo: Krois 2009). 
 
Once a set of SWC measures has been determined, different scenarios for geographical site 
selection need to be developed, each of them representing a possible future state of 
implementation. Scenario development in support of decision-making may be conceptualized 
as a process of progressive stages, including feedback loops (Figure 6–5) (Aspinall and 
Pearson 2000; Peterson et al. 2003; Mahmoud et al. 2009). In the following sections, the 
process of scenario development in support of decision-making is discussed under the 
framework of the CASCUS research initiative. 
 
 




Figure 6–5: Schematic illustration of scenario development in support of decision-making 
(modified from Aspinall and Pearson 2000; Peterson et al. 2003). For each stage, 
keywords and main ideas are given related to the CASCUS research project. 
 
6.2.1 Definition of the problem 
Water resources are a very sensitive issue in the Cajamarca region. Water scarcity arises 
due to seasonal rainfall distribution (Krois et al. 2013b), a lack of adequate water retarding 
capacity in the watershed (Krois et al. 2013a), and increasing water demand (EPS SEDACAJ 
S.A. 2006) attributable to the region’s economic development (CENAGRO 2012), which has 
been boosted by a fast-growing mining industry (Bury 2004, 2005). Water demand already 
surpasses water availability during the dry season, such that the water supply for end-users is 
interrupted regularly in the city of Cajamarca (CES 2010), and by 2035 water demand is 
projected to double over 2005 levels (EPS SEDACAJ S.A. 2006). Competition for water 
resources and a knowledge gap regarding the impact of mining on water resources (Bury 2004, 
2005) have been triggering conflicts and social unrest (Gifford et al. 2010; Triscritti 2013). 
The water resources of the Ronquillo River are of special interest for the city of Cajamarca, 
as about one-third of the total urban water supply is provided by the discharge of the Ronquillo 




the only watershed providing drinking water for the city of Cajamarca, where mining 
operations have not been conducted to date, however, mining concessions have already been 
awarded in the area of the Ronquillo basin (INGEMMET 2014).  
As shown by Krois et al. (2013a) the organic rich soils of the Jalca grasslands contribute 
significantly to base flow generation. However, the favorable characteristics of these soils 
develop under cool and wet climatic conditions (Buytaert et al. 2006a), and, in addition, the 
favorable water retention potential of the Jalca grasslands may irreversibly be lost owing to 
inappropriate land use, including agricultural activities or afforestation (Poulenard et al. 2001; 
Farley and Kelly 2004; Buytaert et al. 2005b; Harden 2006; Buytaert et al. 2007). Recently the 
Intergovernmental Panel on Climate Change (IPCC) confirmed warming since the mid-1970s 
of 0.7°C to 1°C throughout South America, and projects warming of +1.7°C to +6.7°C for 
Representative Concentration Pathways (RCPs) 4.5 and 8.5 by the year 2100 (Magrin et al. 
2014). A biome modeling approach, which assesses the impact of climate change on the 
expansion of tropical Andean biomes, indicates that high Andean grasslands are most at risk 
due to the lack of upslope area for migration. These grasslands are projected to lose about 30% 
of their present day area in 2040–2069 (Tovar et al. 2013a). In a land cover change analysis for 
the region of Cajamarca, Tovar et al. (2013b) found that the area covered by the Jalca 
grasslands has been decreasing at a rate of 1.5% per year due to displacement by agriculture, 
mining and afforestation. These findings are corroborated by the anecdotal perceptions of the 
local population, who note that agricultural activities have spread across the Jalca grasslands 
up to altitudes where farming was prevented some decades ago by low temperatures 
(Florindez, A. 2014, pers. com.). Thus, it is reasonable to assume that climate change and 
human activities are considerably impacting the hydrological function of the Jalca grasslands 
and, by extension, the water regulation function of the Ronquillo basin. However, if the water 
retention potential of the Jalca grasslands diminishes, higher peak discharges are to be 
expected during the rainy season, as the soil layer will fill up more rapidly, and thus enhance 
the potential of saturation excess overland flow generation. In contrast, during the dry season 
the reduced storage capacity of the soil layer will cause less base flow to be released.  
Moreover, the lower and middle catchment areas surrounding the city of Cajamarca are 
severely affected by land degradation and soil erosion (De la Cruz et al. 1999). Continued 
degradation and erosion of the topsoil reduces infiltration rates and water storage capacity, 
which in turn increases surface runoff and, correspondingly, soil erosion and further 
degradation (Martinez-Mena et al. 1998; Römkens et al. 2002; Carrillo-Rivera et al. 2008). 
Owing to this self-reinforcing process, the natural water retarding and water storage capacity – 
and, by extension, the water regulation capacity – of the watersheds is in continuous decline. 
Taking into account the projected increase in water consumption owing to population growth 
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and economic development (EPS SEDACAJ S.A. 2006; CENAGRO 2012), socio-economic 




Figure 6–6: Deterioration of the watershed’s water retention capacity results in higher 
seasonal discharge variability. Growing demand may exceed water supply during the dry 
season and lead to socioeconomic conflicts unless measures are taken to adapt to the new 
situation (modified based on Vergara 2009). 
 
6.2.2 Environmental assessment 
The environmental assessment conducted within the framework of the CASCUS research 
project focuses on the key aspects of the hydrological system, such as the hydro-
meteorological boundary conditions, land use/land cover, and soil characteristics. Detailed 
studies concerning hydro-meteorological boundary conditions are presented in section 2 and 
section 3. The hydrology and hydrogeology of the Ronquillo basin have been previously 
discussed in thesis papers by Hartwich (2010) and Abendroth (2011). 
Within the CASCUS initiative, Rohde (2012) investigated land cover and land use while 
drawing on Quickbird data sets from 2003, 2004 and 2007 to obtain a land use map of the 
Ronquillo catchment. In an ongoing master thesis, a land use and land cover classification 
approach is being elaborated, based on RapidEye remote sensing data for the Mashcón River 
basin (306 km²), which hosts the Ronquillo watershed (Taheri-Rizi, in prep.). The main aim of 
that study is to quantify the green water cycle in the Mashcón watershed by applying 
CROPWAT 8.0, a model for the calculation of crop water requirements provided by the FAO 
(Smith 1992). 
Within the CASCUS initiative a number of soil samples, gathered during the field 
campaigns of 2008, 2009 and 2012 have been analyzed in respect to soil texture, organic 




systematic survey of spatial soil patterns and the physiochemical composition of the soils in 
the Ronquillo watershed. Information on the spatial distribution and the physical 
characteristics of the soils occurring in the watershed of the Ronquillo is primarily available in 
the literature (ONERN 1975; Landa-E. et al. 1978; Poma-Rojas 1989; Poma-Miranda and 
Poma-Miranda 2001; Poma-Rojas and Alcántara-Boñón 2010). More recently, a study on the 
San Lucas River basin, which hosts the Ronquillo basin, revises the state of knowledge 
concerning soils in the San Lucas basin and presents several representative soil profiles within 
the Ronquillo watershed, including physiochemical soil parameters for each of them (Poma-
Rojas 2013).  
In addition, several Master and Bachelor theses related to the CASCUS research project 
have substantially widened the knowledge base about the environmental boundary conditions 
of the region of Cajamarca and the Ronquillo watershed (refer to Table 1–1 for bibliographic 
information).  
 
6.2.3 Establishing goals and setting objectives 
The goals and objectives of the CASCUS research project have informed scenario 
development and the decision making process of the present thesis. The main idea of the 
CASCUS research project is to improve water availability and to reduce overland flow, thus 
dampening soil erosion and land degradation, by implementing decentralized measures for 
resource conservation. Large scale water related problems are encountered by adaptive small 
scale measures in the management of water and soil resources; a conceptual approach that is in 
line with the concepts of decentralized flood protection or decentralized water retention 
(Assmann et al. 1998; Marenbach and Koehler 2003; Röttcher et al. 2007; Schulte et al. 2009; 
Reinhardt 2010; Bölscher et al. 2013). Consequently, the main objective of the scenario 
development process is to provide implementation scenarios for selected SWCTs in the 
Ronquillo watershed, in order to evaluate their impact on catchment hydrology using a 
hydrological modeling approach. 
 
6.2.4 Building of alternative scenarios 
The scenario development stage aims to model different states of SWCT implementation 
and associated land use changes. The present study evaluates SWCTs that fall under three 
categories: (A) earthworks, (B) afforestation, and (C) the construction of check dams. These 
categorical clusters are subdivided into different representations, each of them accounting for a 
particular technique and a different level of spatial implementation (see Table 6–1). 
6.2 Decision making and scenario development 
 
136 
Table 6–1: Type and description of the scenarios and methods applied for scenario development 
Type Description Method for scenario development 
Earthworks (A) 
Terraces (AT) 
Multi-criteria evaluation (MCE), 
Analytical Hierarchy Process (AHP), 
Weighted overlay process (WOP) 
Bunds (AB) 
Combined bunds and terraces (ABT) 
Afforestation (B) 
Expansion of existing afforestation (BBuffer) 
Land cover map and Geographical 
Information System (GIS) Afforestation of areas of scarce vegetation 
(BsVeg) 
Check dams (C) 
Implementation in all stream channels (Call) 
River channel network and field 
assessment Implementation in intermittent streams only 
(Cint) 
 
The earthworks scenarios (A) are developed on the basis of a decision support model 
(DSM), which assess potential sites for the implementation of earthworks in the Ronquillo 
basin (Krois and Schulte 2014). The DSM implements a GIS-based multi-criteria evaluation 
(MCE) procedure, taking into account several environmental site assessment criteria such as 
meteorology, hydrology, topography, land use, and soil properties. To assess the relative 
weight of each environmental site assessment criterion, a pair-wise comparison matrix method, 
known as the Analytical Hierarchy Process, is applied. Suitability maps for each particular 
SWCT are obtained by applying the weighted overlay process, a routine for multi-criteria 
evaluation implemented in ArcGIS (for details, see section 4). The suitability maps show that 
approximately 44% of the catchment area is highly suited for the implementation of terraces, 
and 24% of the catchment area is highly suited for the implementation of bund systems.  
The site assessment, however, is of a preliminary nature, as validation of the decision 
support model is lacking. Validation may be achieved by applying the promoted GIS-based 
MCE approach to a region, where earthworks are already in place, and by comparing the 
results of the suitably mapping with the existing spatial pattern of earthworks in order to 
validate the choice of the environmental site assessment criteria and its relative weighting. 
However, terraced landscapes are landscapes of great intricacy and highly complex systems 
that have emerged from the outcome of multiple small-scale decisions by multiple people, 
iterated over many generations (Bevan and Conolly 2011). Consequently predictive modeling 




and socio-economic criteria have to be taken into account (Antle et al. 2005; Posthumus and de 
Graaff 2005; Tenge and Hella 2005; Countryman et al. 2011; Teshome et al. 2013). 
Afforestation (B) scenarios are developed for the planting of pine and eucalyptus species. 
This scenario development stage is based on two underlying hypotheses. The first is that the 
existing forest areas will build the nucleus of future afforestation. The second is based on the 
common idea that for soil and water conservation and erosion control, degraded areas will be 
subject to afforestation. The spatial extent of each scenario is delineated on the basis of a land 
cover map of the Ronquillo watershed provided by Rohde (2012) within a GIS environment 
(ArcGIS). 
For the implementation of check dams (C), two scenarios are developed. In the first, check 
dams are implemented in all stream channels. In the second, check dams are implemented in 
intermittent stream channels only. The selection procedure is based on a river channel network 
map delineated from a digital elevation model (ASTER-DEM).  
 
6.2.5 Testing and evaluation of the scenarios 
Within the framework of the CASCUS research project the different scenarios were 
evaluated using a hydrological modeling approach. The rainfall-runoff model NASIM 3.7 
(Hydrotec 2009) was applied to quantify the impact of different SWCT implementation 
scenarios on the hydrological stage variables discharge, overland flow, and high flow of the 
Ronquillo River. The hydrological modeling approach is presented in section 5. 
 
6.2.6 Implementation and monitoring 
The implementation and the subsequent monitoring of the promoted SWC measures is not 
covered by the CASCUS research project. However, decision-making in the context of land 
use management and planning is most successful as an iterative process of consultation, 
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6.3 The impact SWCTs on catchment hydrology and water availability 
6.3.1 Modeling approach 
The positive effect of SWCTs on soil and water retention is well established on the scale of 
small plots (Maetens et al. 2012). However, owing to the non-linearity and scale dependency 
of runoff processes, the extrapolation of plot measurements to the catchment scale is of limited 
value (Lesschen et al. 2009). Accordingly, hydrological models are used to up-scale the impact 
of SWC practices on soil and water fluxes to the catchment scale (e.g. Al-Weshah and El-
Khoury 1999; Ngigi 2003; Ngigi et al. 2007; Hessel and Tenge 2008; Andersson et al. 2009; 
Lesschen et al. 2009; Ouessar et al. 2009). However, depending on the model structure 
SWCTs may not be incorporated directly into a hydrological model, but by changing the 
model input parameters (e.g. infiltration rates, surface roughness or saturated conductivity) 
their hydrological effects may be reproduced in an indirect way (Hessel and Tenge 2008).  
The modifications that are most appropriate for replicating the hydrological impact of a 
particular SWCT depend on the type of model applied, and its conceptual specifications and 
limitations. Ouessar et al. (2009), for example, modified the code of the Soil and Water 
Assessment Tool (SWAT) to simulate the collection of runoff from water-harvesting structures 
by bringing the runoff generated in a sub-catchment back to the water-harvesting Hydrological 
Response Units (HRUs) in the sub-catchment. Yang et al. (2009) applied SWAT to assess the 
effect of flow diversion terraces systems on stream water and sediment yield in the Black 
Brook watershed in northwestern New Brunswick, Canada. In order to simulate the impacts of 
flow diversion terraces on abating water and sediment yields, the authors modified infiltration-
related parameters and the support practice factor (P-factor), which is one of the factors in the 
Modified Universal Soil Loss Equation (MUSLE) used in SWAT (Wischmeier and Smith 
1978). Al-Weshah and El-Khoury (1999) applied the Hydrologic Engineering Center model 
(HEC-1) to compute the effect of afforestation, terracing and check dams on the hydrology of 
the Petra watershed in Jordan, by adapting CN-values and the time of concentration. Hessel 
and Tenge (2008) applied the process-based Limburg Soil Erosion Model (LISEM) to assess 
the effectives of SWC measures on soil loss and runoff in the Gikuuri catchment in Kenya. 
The authors used data obtained by in-field measurements and by a literature survey to modify 
model input variables, such as soil moisture, cohesion, aggregate stability and roughness, 
among others. Lesschen et al. (2009) used the LAPSUS (Landscape Process Modelling at 
Multi-Dimensions and Scales) model to simulate runoff and sediment dynamics of the Carcavo 
basin, a terraced landscape in southeast Spain. Terraces were modeled by assigning them an 
additional storage and infiltration capacity. Callow and Smettem (2009) analyze the influence 




agricultural areas in the Kent River catchment in southwestern Australia. The authors edited a 
DEM to replicate hydrologic flow paths of small-scale water diversion (earth banks) and 
collection (farm dams) infrastructure. Gatot et al. (2001) applied a geomorphologic-unit-
hydrograph based model (H2U) to simulate the discharge of the Kali Garang river in 
Indonesia. The authors compute the outflow of terraced areas by a hydraulic model, based on 
the theoretical assumption that cascaded irrigated terraces are analogous to a series of linear 
reservoirs.  
 
6.3.2 The rainfall-runoff model NASIM  
In this thesis, the rainfall-runoff model NASIM version 3.7 is applied to assess the impact 
of selected SWCTs on the catchment hydrology of the Ronquillo basin. NASIM is a 
deterministic and semi-distributed rainfall-runoff model, which calculates the water balance 
for user-defined sub-catchments. Each sub-catchment is assigned a time series with data on 
temperature, rainfall and potential evaporation. In addition each sub-catchment is assigned a 
representative stream channel, characterized by channel geometry and Strickler roughness 
values. Each sub-catchment is composed of elementary units, corresponding to the concept of 
Hydrological Response Units (Beven 2012). In NASIM elementary units are characterized by 
a particular land cover and a particular soil type. In order to reduce computation time, 
elementary units distributed throughout a sub-catchment but with identical land cover/soil type 
combinations are aggregated to simulation units (Hydrotec 2009). In NASIM surface runoff is 
generated either as infiltration- or as saturation-excess overland flow on the basis of a soil 
moisture simulation approach developed by Ostrowski (1982). Via soil moisture accounting 
actual infiltration, evapotranspiration and seepage are computed by piecewise linearization of 
the nonlinear relationships for infiltration and seepage in line with Holtan (1961) and Bear 
(1972), respectively (Ostrowski 1992). Surface runoff is routed based on the time-are 
technique derived by Clark (1945), coupled to a linear reservoir. Clark’s unit hydrograph 
approach describes the translation of flow through the watershed by runoff isochrones and a 
corresponding histogram of contributing area versus time (Nicklow et al. 2006). Interflow and 
base flow are modeled by a linear reservoir approach and channel flood wave propagation is 
modeled according to the Kalinin-Miljukov approach (Ostrowski et al. 1988). In NASIM the 
runoff components are not routed between elementary units within the sub-catchments, but 
each runoff component is added directly to the outlet of the sub-catchment. The outlet of a 
particular sub-catchment corresponds to the inflow of sub-catchment downstream. 
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6.3.3 Implementation of SWCTs in the NASIM rainfall-runoff model 
In this thesis three different types of SWCTs (earthworks, afforestation and check dams) 
are implemented in the NASIM model. Each type of SWCTs is further subdivided into 
different implementation scenarios (see Table 5–2). 
For the development of earthworks scenarios, potential sites for earthworks are delineated 
on the basis of a GIS-based multi-criteria evaluation procedure (Krois and Schulte 2014). 
Three different implementation scenarios are realized, each of them accounting for a particular 
technique and/or a particular level of spatial implementation (see Figure 5–4). These are 
terraces (scenario AT), bund systems (scenario AB) and a combination of both (scenario ABT), 
covering 16%, 12% and 26% of the Ronquillo watershed, respectively. Earthworks are 
parameterized by modifying the input parameters of the hydrological model with respect to 
surface runoff generation and runoff concentration. In order to model the encouraging effect of 
earthworks on infiltration (Dehn 1995; Inbar and Llerena 2000) the maximum soil infiltration 
rates are modified by setting the index of surface-connected porosity (av) in Equation 5–6 to 
0.8 for bunds and to 0.6 for terraces (Holtan and Lopez 1971; Hydrology Handbook 1996; 
Hydrotec 2009). In order to model the impact of earthworks on runoff concentration, the 
Strickler roughness value (kst) is modified for areas covered with terraces and bunds. 
Corresponding Strickler roughness values are estimated by a step-wise additive/weighted 
roughness estimation method (Engman 1986; Arcement and Schneider 1989; Phillips 1989). 
According to this roughness estimation method kst for terraces and bunds is set to 3 and 5, 
respectively. In addition, to account for the reduced slope steepness of terraces the DEM is 
leveled within a GIS environment in order to obtain stepped terrain morphology (Callow and 
Smettem 2009). 
With respect to the implementation of afforestation measures, two scenarios are developed, 
based on the underlying hypothesizes that the existing forested areas will build the nucleus of 
forthcoming afforestation (BBuffer), and that for soil conservation and erosion control degraded 
areas are afforested primarily (BsVeg). To represent the afforestation scenarios in the NASIM 
model, the forest land use classes of pine and eucalyptus are expanded. According to the 
climax in growth rate for Pinus radiata and Eucalyptus globulus (Sánchez-Gómez and Gillis 
1982; Villar-C et al. 1982; van den Abeele 1995) all plantations above a elevation threshold 
value of 3300 m asl are modeled as pine species, whereas all plantations below the threshold 
elevation are modeled as eucalyptus species. Vegetation parameters required for the NASIM 
model are obtained from the literature (Burgy and Pomeroy 1958; Hoyningen-Huene 1983; 
Leuschner 1986; Valente et al. 1997; Allen et al. 1998; Domingo et al. 1998; LUBW 2002; 




For the implementation of check dams in the hydrological model, two scenarios are 
development. In one scenario (Call) check dams are implemented in all stream channels, 
whereas in the other (Cint) check dams are implemented only in the intermittent stream channel 
of Manzana River and Rosapata River (see Figure 5–1). Check dams are parameterized by 
adjusting the values of river bed roughness. Strickler roughness values (kst) for channel 
sections are set to 16, corresponding to the values reported by Wang and Yu (2007) for step-
pool systems, as check dams resemble the longitudinal profile of step-pool reaches (Lenzi 
2002). 
 
6.3.4 Model performance 
The NASIM hydrological model, run on a daily time step, is capable of reproducing the 
seasonal runoff characteristics and cumulative runoff over the three-year monitoring period 
(see Figure 5–6 and 5–7). The statistical model performance evaluation confirms that the 
model is capable of capturing the hydrology of the Ronquillo basin. However, the model 
performs better in modeling the hygrograph’s rising and recessional limps, whereas it fails to 
predict the magnitude of peak flows. The statistical model evaluation for the calibration period 
results in a model performance of NSE = 0.71, RSR = 0.54 and PBIAS = 9.04%. As common in 
hydrological modeling studies the model performance is not as good for the validation period, 
with NSE, RSR and PBIAS being 0.57, 0.65 and 1.48%, respectively. According to Moriasi et 
al. (2007) the numbers for NSE and RSR correspond to a rating of “good” and “satisfactory” 
for the calibration and the validation period, respectively (see Table 5–3). It is relevant to note 
that the model performance rating given by Moriasi et al. (2007) is for a monthly time step. 
Less strict model performance rating is warranted for a daily time-step. In contrast to the 
moderate rating of NSE and RSR, PBIAS is rated as “very good” for the calibration and 
validation period.  
It should be noted that NSE and RSR evaluation is based on the sum of squared errors and 
thus provides a measurement of the overall error. Such performance measures are known to be 
very sensitive to extreme values (Legates and McCabe 1999). This has led to significant 
criticism of NSE as a performance measure in hydrological modeling (Beven 2012). More 
recently Cheng at al. (2014) show that a hydrological model that is calibrated to maximize 
NSE may mimic observed major flood events well, but fails to mimic the base flow. 
Consequently, a combination of various performance measures is warranted for the assessment 
of hydrological model performance (Moriasi et al. 2007). 
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6.3.5 Model uncertainty 
Uncertainty in hydrological modeling is related to the fact that no rainfall-runoff model is a 
true reflection of all the processes involved. To overcome the limitations in model structure 
and data available to model parameter values, initial conditions and boundary conditions in 
hydrological models are calibrated against observational data. However, the optimum 
parameter set for one period of observations may not be the optimum set for another period 
(Beven 2012) and different performance measures usually give different results in terms of the 
optimum parameter values (Cheng et al. 2014). In the early 1990s Keith Beven proposed the 
concept of equifinality to be applied to hydrological modeling (Beven 1993). The concept 
originates from system theory (Bertalanffy 1950) and was adapted to geomorphology (Culling 
1957; Culling 1987) in order to describe the multiplicity of potential explanations for the 
evolution of landforms when their true initial conditions and developmental history are 
unknowable (Beven 2012). Equifinality in hydrological modeling implies that there are 
different model representations of a catchment that may be equally valid in terms of their 
ability to reproduce acceptable simulations of the available data (Beven 2006; Beven 2012). 
This in turn indicates that there is no single model configuration but a number of acceptable 
model configurations that can provide useful predictions and that, consequently, all model 
calibrations and subsequent predictions are subject to uncertainty. The main sources of 
uncertainty in the application of hydrological modeling may be categorized as uncertainties in 
the initial and boundary conditions, uncertainties in model structure, uncertainties in parameter 
estimation, and overlooked uncertainties (Figure 6–7).  
The following paragraphs outline the limitations and uncertainties of the rainfall-runoff 










6.3.5.1 Uncertainties in the initial and boundary conditions 
Uncertainties in the initial and boundary conditions are mainly related to the data that are 
used to set up and run a rainfall-runoff model. This includes all model inputs, either 
meteorological time series (temperature, rainfall, evaporation, etc.) or spatial data describing 
topography, soil and vegetation cover, etc., as well as any empirical data used to calibrate the 
model output, such as discharge and soil moisture measurements, among others.  
The success of a hydrological model depends critically on the data available to set it up and 
to run it. No rainfall-runoff model produces accurate runoff predictions if fed with inaccurate 
rainfall data (e.g. Beven 2012). Uncertainty in rainfall data arises from (i) an inadequate 
representation of the areal precipitation field delineated by a set of point-scale measurement 
and (ii) the interpolation of rain rates between these gauges (McMillan et al. 2011). In 
addition, the measurement process is prone to errors arising from mechanical limitations, wind 
effects and evaporation losses (Sevruk et al. 2009). 
Another source of uncertainty is the spatial representation of soil and vegetation cover. In 
heterogeneous landscapes the value of soil sampling is limited, as values obtained by one 
sample may not be representative for a larger area, nor for the effective element value needed 
as an input parameter for the hydrological model. In addition, parameters accounting for soil 
moisture in time and space are difficult to measure. Accordingly, pedotransfer functions, 
which provide estimates of the parameters based on soil texture variables, are widely applied 
(Beven 2012).  
The soil maps and representative soil profiles available to set up the NASIM model are 
only a very rough representation of the heterogeneity observed in the field. More recently, a 
revised soil map had been made available (Poma-Rojas 2013). A land use and land cover map 
is provided by Rohde (2012), who used Quickbird remote sensing data from 2003, 2004 and 
2007. Although the land cover map is very detailed, field observations reveal considerable land 
use diversity in the Ronquillo watershed. There is a high temporal fluctuation in the areas that 
are used for agriculture and farmland that lies fallow. In addition, a clear increase in urban 
infrastructure and housing can be observed. During the period of investigation (2008–2014) 
several dirt roads along with power supply lines were constructed and a considerable number 
of new houses were built, both indicating dynamic population growth and economic 
development. It remains a challenge to update land cover mapping to accurately reflect 
changing land cover. 
Another specific problem encountered with respect to data quality is related to the 
discharge time series of the Ronquillo gauging station, which is used for model calibration. At 
the beginning of the CASCUS research project a pressure transducer that measures water 
stages was installed close to a weir at the water intake facility of the Ronquillo River. The 
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water stage record is transformed into a discharge time series by applying Poleni’s equation 
(Patt and Jüpner 2013). However, from time to time, but most likely during the high river 
stage, the staff at the water intake facility open a gated spillway in order to flush out 
accumulated sediments or to prevent flooding of the facility. The opening of the additional 
spillway during high river stages, however, biases the stage-discharge relation and ultimately 
causes data loss. Unfortunately, there is no documentation of the maintenance schedule. 
Accordingly, the discharge time series is subject to uncertainties, particularly with regard to 
peak flow discharge. 
 
6.3.5.2 Uncertainties in model structure 
A model is only an approximate representation of the complexity of the processes occurring 
in a catchment (Beven 2012). Uncertainty in model structure relates to the internal 
computation of hydrological processes and to the spatial simulation scale. Some studies assess 
model structure uncertainty by comparing different rainfall-runoff models with a particular 
model structure (e.g. Refsgaard and Knudsen 1996; Perrin et al. 2001). A quantitative 
assessment of uncertainty related to internal computation of hydrological processes in NASIM 
is beyond the scope of this thesis. However, some of the simplifications that the NASIM model 
relies on to model the hydrological processes within a watershed are listed below.  
i. In NASIM computed runoff components of each elementary/simulation unit are not 
routed between elementary units within a sub-catchment, but are added directly to the 
outlet of the sub-catchments. This, however, permits the modeling of processes such as 
return flow and the re-infiltration of surface runoff.  
ii. The NASIM model is limited to account for high spatial rainfall variability. Each user-
defined sub-catchment is assigned a unique rainfall time series. Thus, all elementary 
units within a particular sub-catchment are modeled using the same meteorological 
input data. Ultimately, the modeler needs to decide on an appropriate size for the sub-
catchments to account for spatial rainfall variability. However, catchment geometry is 
barely suited to mimic the spatial variability of rain fields. 
iii. In NASIM the modeling of surface runoff generation via soil moisture accounting is 
governed by empirically derived equations. The advantage to this approach is that only 
a few parameters are needed for modeling. However, it is not guaranteed that this 
modeling approach yields reasonable results in terms of partitioning between surface 
runoff due to infiltration excess and due to saturation excess. This is of special interest 




common phenomena. Unfortunately, there are no observational data on runoff 
generation in the Jalca to allow for validation of the model output.  
iv. In the model, each user-defined sub-catchment is assigned a representative stream 
channel geometry. This, however, is very difficult to achieve in mountainous 
watersheds, where stream channel geometry is constantly changing. Again, the 
modeler is challenged to properly design the size of sub-catchments to account for 
natural variability. 
 
6.3.5.3 Uncertainties in parameter estimation 
The rainfall-runoff model calibration process seeks to overcome limitations in model 
structure and data availability when setting up and running the model. However, many 
hydrological processes are nonlinear and variable in time and space, such that point 
measurements yield only limited insight into their hydrological behavior and importance at 
larger catchment scales (Buytaert and Beven 2011; Beven 2012). As a consequence, the 
calibration process may be viewed as a process for transforming model input values that are 
usually obtained by small scaled laboratory or field measurements into effective model values 
for representing the model’s elementary scale (Beven 2012). However, there is not one optimal 
model parameter configuration. Rather, a number of model parameter combinations may 
acceptably reproduce the observational data (in line with the concept of equifinality) (Beven 
2006; Beven 2012). 
The estimation of hydrological model parameters is difficult, owing to the non-linear nature 
of hydrological processes and the fact that changes in some parameters might be compensated 
by others. Moreover, different parameters may have the same effect on discharge (Bárdossy 
and Singh 2008). In the NASIM model parameters are adjusted manually by a “trial-and-error” 
model calibration procedure. Goodness-of-fit is judged by visual comparison of the simulated 
responses with the observed variables. Manual calibration approaches are widely applied in 
hydrological modeling studies and their key advantage is the incorporation of the user’s 
experience in parameter estimation (Boyle et al. 2000; Efstratiadis and Koutsoyiannis 2010). 
However, the manual approach is criticized as being an overly subjective method for adjusting 
parameter values and for judging the goodness-of-fit of the model simulation (Blasone et al. 
2007). In more recent rainfall-runoff model applications, however, the process of manual 
calibration is replaced by computer-based automated calibration methods. The main 
advantages of automatic techniques are the speeding up of the calibration process and the 
reduced subjectivity involved in the calibration processes, as for most of the techniques only 
the parameter range needs to be specified by the modeler (Blasone et al. 2007). In addition, 
automated calibration methods allow one to quantify the uncertainty of model prediction in a 
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more comprehensive way, as quantitative measures of goodness-of-fit – i.e. objective 
functions, likelihood measures or possibility measures – are more easily implemented.  
The NASIM 3.7 software package does not allow automated calibration. Accordingly, 
comprehensive parameter sensitivity and parameter uncertainty analysis is difficult to achieve. 
However, the NASIM software package, version 4.3, published in 2014, provides an interface 
with the programming language Python, which in principle allows the user to conduct 
automated parameter calibration and parameter uncertainty analysis. 
 
6.3.6 Model results 
6.3.6.1 Earthworks scenarios 
The hydrological modeling results show that earthworks considerably affect the hydrology 
of the Ronquillo River. The implementation of terraces and bund systems affects surface 
runoff volume, peak flow and flow volume. The flow volume of the Ronquillo watershed is 
reduced by the implementation of earthworks compared to the baseline by 10.0%, 5.7% and 
14.0%, corresponding to a mean annual stream flow reduction of 35, 20 and 49 ls-1 for the 
scenario AT (solely terraces), AB (solely bund), and ABT (combination of bunds and terraces), 
respectively. Moreover, overland flow generation is considerably reduced in the earthworks 
scenarios. The scenario combining bunds and terraces (ABT) results in a diminution of overland 
flow of 28.0% compared to the baseline. The scenarios AT and AB reduce overland flow by 
19.2% and 11.8%, respectively. Compared to all tested SWCTs earthworks result in the 
highest reduction of high flows. On average, high flows are reduced by 31%, 19% and 12% for 
the scenarios ABT, AT and AB, respectively.  
The rainfall-runoff modeling implies that the reduction in overland flow generation and the 
diminution of peak flows is related to the encouraging effect of earthworks on infiltration. 
Higher infiltration rates cause more water to infiltrate the soil column. However, the additional 
soil water does not necessarily drain as base flow, but is stored in the soil layer and 
consequently evaporated or transpired by the crops. It appears that the implementation of 
earthworks in the Ronquillo basin reduces surface runoff generation, and thus dampens the 
self-reinforcing process of surface runoff generation and subsequent soil erosion; however, at 






Figure 6–8: Schematic illustration of the hydrological processes affected by the implementation of 
earthworks. Black colored arrows indicate the hydrological cause-and-effect relationship in the 
Ronquillo basin without measures of soil and water conservation (actual state), whereas grey 
colored arrows indicate the hydrological cause-and-effect relationship if earthworks are 
implemented (interfered state).  
 
6.3.6.2 Afforestation scenarios 
Similar to earthworks, afforestation scenarios result in a reduction of flow volume, overland 
flow and high flows. Compared to the baseline, flow volume is reduced by 6.2% and 7.9% for 
the scenarios BBuffer and BsVeg, respectively, corresponding to a decrease in mean annual stream 
flow of 22 and 28 ls-1. Overland flow is reduced by 9.2% (BBuffer) and 10.8% (BsVeg). On 
average, the high flows are reduced by 8% and 12% for the scenarios BBuffer and BsVeg, 
respectively.  
The reduction in flow volume is related to the fact that the water consumption of forests 
and plantations is higher than that of short vegetation such as shrubland or grassland (Farley et 
al. 2005; Buytaert et al. 2007). In addition, afforestation enhances interception losses (Breuer 
et al. 2003; Benyon and Doody 2015).  
Moreover, interception and transpiration interfere with the process of overland flow 
generation. In this connection, interception alters the amount of rain that effectively reaches 
the soil and thus affects directly overland flow generation. In addition, higher interception 
losses, as well as enhanced transpiration, reduce soil moisture content, which in turn affects the 
probability of saturation excess overland flow generation. This process is of high relevance in 
the Jalca altitudinal belt. 
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6.3.6.3 Check dam scenarios 
The hydrological modeling implies that in contrast to the other SWCTs assessed in this 
thesis, the impact of check dams on the hydrology of the Ronquillo River is comparatively 
small. As expected, check dams do not alter overland flow generation nor flow volume. 
Instead, check dams influence the discharge after runoff has already concentrated in the 
channel. However, the impact of the modeled check dam scenarios on peak flow is very small.  
It should be noted that the current modeling approach models the mature stage of check 
dams, when the check dam is already filled up with sediments (Xiang-zhou et al. 2004). In 
contrast, modeling the initial stage of check dams, characterized by the retention of sediments 
and the impounding of floodwater within the check dam, as small scaled water retarding basins 
with a corresponding storage volume assigned, would probably have had a more 
distinguishable impact on hydrological state variables. However, Boix-Fayos et al. (2008) 
argue that check dams provide only temporarily additional storage volume for flood water 
retention as they fill up rapidly with sediments. 
 
6.3.6.4 Scenario inter-comparison 
The model results indicate that the implementation of SWC practices such as earthworks or 
afforestation considerably affect the hydrology of the Ronquillo River. In contrast, the 
expected impact of check dams on the hydrology of the Ronquillo River is small. The 
implementation of terraces and/or bund structures reduces surface runoff by 12–28%; 
however, stream flow diminishes by 6–14% as well. Afforestation with eucalyptus and pine 
species results in a reduction of surface runoff and stream flow by 9–11% and 6–8%, 
respectively.  
The computation of the R-index, which is a proxy for soil moisture conditions and defined 
as the ratio of ETa to ETp (Yao 1974), confirms that more water infiltrating the soils does not 
necessarily augments base flow (Figure 6–9). Applied to the climatic boundary conditions of 
the Ronquillo watershed, the R-index indicates that solely from January to April water 
requirement for crop growth tends to be optimal. For the rest of the year insufficient soil 
moisture availability limits crop growth. Thus, the additional soil water provided by the 
implementation of earthworks is stored in the soil layer and is consequently evaporated or 
transpired by the crops, but does not drain as base flow. It appears that the climatic conditions 





Figure 6–9: The R-index, defined as the ratio of ETa to ETp, is a measure of 
plant water supply in relation to plant water demand (Yao 1974). R-index 
values close to 0.6 can be considered as requiring irrigation for crop growth, 
and R-index values close to 0.9 can be assumed to be the optimum water 
requirement. Evaluated under the climatic boundary conditions of the 
Ronquillo watershed seasonality is well documented, as values as low as 0.27 
are observed in the dry season and values as high as 0.95 during the rainy 
season, with an annual mean of 0.68. A higher R-index indicates higher soil 
moisture availability for transpiration and favors groundwater recharge. The 
data is derived from the baseline run of the hydrological model NASIM 3.7 
covering the period from 10-2008 to 09-2011. 
 
Within the framework of a water resource conservation strategy and for decision-making in 
respect to economic viability and sustainability it is highly relevant to know the quantities and 
the temporal variability of water being retained by a particular SWCT. In addition it is equally 
important to consider trade-offs, such as the redistribution of water resources within a 
catchment and the reduction of downstream water availability. 
The diminution of stream flow is more pronounced during the rainy season than during the 
dry season. Seasonality arises owing to the cyclicality of interception, soil evaporation and 
transpiration, which results in augmented evapotranspiration during the rainy season compared 
to the dry season (Figure 6–10). Stream flow reduction is most pronounced during the rainy 
season, when there is plenty of water to fulfill the human demand. During dry season, stream 
flow reduction is comparably low, but still evident. Accordingly, it needs to be accounted for 
under the framework of a water resource conservation strategy.  




Figure 6–10: Reduction in stream flow owing the implementation of 
earthworks (gray colored) and afforestation scenarios (black colored). The 
implementation of terraces and/or bund structures, and afforestation with 
eucalyptus and pine species results in a reduction of stream flow. The 
diminution in stream flow is related to enhanced evapotranspiration. The 
reduction mimics the seasonal cycle of evapotranspiration, being most 
pronounced during the rainy season.  
 
The quantity of water being retained within a catchment by a particular SWCT is assessed 
by computing the effectiveness of the SWCT. In this connection, the SWCT’s impact on a 
hydrological state variable is estimated for the area of coverage. Calculations indicate that for 
the earthworks and afforestation scenarios reduction in stream flow corresponds to 1242–
1643 m3ha-1yr-1 and 1062–2586 m3ha-1yr-1, respectively. Furthermore, SWCT effectiveness in 
reducing surface runoff generation corresponds to 489–603 m3ha-1yr-1 for earthworks scenarios 
and to 297–676 m3ha-1yr-1 for afforestation scenarios (Figure 6–9). The most effective scenario 
for water retention in the catchment is the afforestation of scarcely vegetated areas (BsVeg), 
followed by earthworks (AT, ABT, AB) and the augmenting of afforested areas (BBuffer). The 
clear difference between the afforestation scenarios is due to the fact that the net change of 
actual evapotranspiration is much higher if areas of scarce vegetation are afforested compared 






Figure 6–11: Assessment of the effectiveness and efficiency of the 
earthworks and afforestation scenarios. Effectiveness corresponds to the 
reduction in flow volume or overland flow per hectare of implemented 
SWCT measure. Efficiency corresponds to the amount of water being 
retained within the watershed and reduction in overland flow attributable 
to a particular SWCT. 
 
Within the framework of the CACSUS research project, which seeks to reduce surface 
runoff generation, but as well to improve water availability for the city of Cajamarca, the 
reduction of stream flow emerges as an unintended trade-off. Therefore, in addition to the 
effectiveness criterion, the efficiency of a particular SWCT is introduced as an evaluation 
criterion. SWCT efficiency corresponds to the reduction of overland flow and the diminution 
of stream flow, and is defined as the ratio in the reduction of flow volume per hectare (m3ha-
1yr-1) and in the reduction of overland flow volume per hectare (m3ha-1yr-1). The dimensionless 
number relates the change in overland flow to the change in flow volume.  For afforestation 
scenarios, the reduction of 1 m3 in overland flow corresponds to a reduction in the flow volume 
of approximately 3.6–3.8 m3. By contrast, earthworks reduce flow volume by only 2.6–2.7 m3 
in order to diminish overland flow by 1 m3. In other words, in the earthworks scenarios 
overland flow is reduced more efficiently because concurrent stream flow does not decrease as 
strongly as in the afforestation scenarios (Figure 6–11). 




The findings imply that earthworks are preferable to afforestation in water resource 
conservation strategies that seek to enhance water availability and reduce soil erosion, 
However, it should be noted that both measures redistribute water resources within the 
catchment area: blue water is retained in the basin, enhancing so-called green water 
availability for plant transpiration. The investigation shows that the implementation of 
widespread soil and water conversation measures in the Ronquillo watershed is opposed to the 







The foregoing study was conducted as part of the CASCUS research project, which seeks 
to identify opportunities for enhancing water availability and reducing soil erosion in the 
region of Cajamarca. In a broader sense, the project contributes to improved water security in 
the Ronquillo watershed, which can be defined as the “availability of an acceptable quantity 
and quality of water for health, livelihoods, ecosystems and production, coupled with an 
acceptable level of water-related risks to people, environments and economies” (Grey and 
Sadoff 2007), as soil and water conservation measures, have the additional advantage of 
positively impacting water quality while reducing water related risk (e.g. Blanco-Canqui and 
Lal 2008). 
The research undertaken in this thesis was subdivided into distinct phases. In the first 
phase, the meteorological boundary conditions in the region of Cajamarca, and the hydrology 
of the Ronquillo watershed, an important water source for the city of Cajamarca, were 
investigated. The conducted analysis revealed a complex mountain climate marked by the 
interaction of a number of meteorological features, including orographic rainout, rain-bearing 
mesoscale cloud systems, ENSO, katabatic drainage flow and local convection, all of which 
act on different spatial and temporal scales.  
However, it remains difficult to precisely map the spatial distribution of rainfall in the 
region under investigation on the basis of the existing monitoring networks. To obtain more 
accurate estimates of areal precipitation, improved data collection systems are needed. 
Furthermore, in addition to standard rain gauges measurements, other techniques, including 
rain radar, satellite based regional precipitation estimates, and citizen science approaches, are 
needed in order to advance our understanding of rainfall distribution and rainfall dynamics in 
such remote mountainous terrain. The lack of data is particularly problematic in the Jalca 
ecoregion, where in addition to rainfall, fog interception is thought to have a non-negligible 
impact on the water balance (Buytaert et al. 2005b; Buytaert et al. 2006a; Tobón and Morales 
2007).  
In conformance with the observed meteorological boundary conditions, the Ronquillo 
watershed displays strong seasonality in stream flow. During the rainy season a large portion 
of stream flow originates from direct runoff, which drains the watershed rapidly. The study 
shows that the middle part of the Ronquillo catchment, the so-called Quechua ecoregion, is 
most prone to direct runoff generation and subsequent soil erosion. This finding is 
corroborated by visual observation, as the middle parts of the Ronquillo watershed are severely 




portion of the discharge from the Ronquillo River originates from the soils covering the high 
altitude Jalca grasslands. However, the favorable water retention capacity of the Jalca 
grasslands may be irreversibly lost owing to the transformation of these grasslands into 
agricultural and afforestation areas (Poulenard et al. 2001; Farley and Kelly 2004; Buytaert et 
al. 2005b; Harden 2006; Buytaert et al. 2007), as well as the expansion of mining activities 
(Tovar et al. 2013b).  
From a water resource conservation and management perspective that seeks to augment dry 
seasonal water availability, the preservation of the Jalca ecosystem as a viable water recharge 
area is of crucial importance. Moreover, measures for soil protection are warranted in Quechua 
ecoregion, in order to restore the soil layer as a medium for water storage and to mitigate soil 
erosion and further soil degradation. In addition, greater attention should be paid to catchment 
connectivity related to linear features and compacted surfaces, as well as to the exploration of 
subterraneous water flow paths. The study shows that the basement rock aquifers and spring 
discharge significantly contribute to dry seasonal discharge. However, knowledge of 
subterraneous water flow paths and their contribution to dry season runoff in the region of 
Cajamarca is currently quite limited. Indeed, more sophisticated monitoring techniques and 
hydrogeological modeling approaches are needed to evaluate the spatiotemporal variability of 
groundwater effluence and spring discharge. 
The main objective in the second phase of research was the development of implementation 
scenarios for soil and water conservation techniques (SWCTs) in the Ronquillo watershed. For 
the earthworks scenario, a GIS-based decision support model (DSM) was used that enabled the 
identification of suitable sites for earthworks. To this end, a multi-criteria evaluation was 
conducted that included meteorologic, hydrologic, topographic, agronomic and pedologic site 
assessment criteria. Such a DSM provides a rational, objective and non-biased approach for the 
decision-making process; however, the determination of suitability levels and the development 
of each criteria’s relative weighting were based on expert preferences and thus remained to 
some extent subjective. In this way, stakeholder participation is warranted in the criteria-
development and criteria-weighting process. In addition, to ensure the viability and sustainably 
of the promoted SWCTs, cost-benefit analyses that address economic trade-offs should be 
incorporated in the decision-making process.  
The third phase of research sought to assess how different SWCT implementation scenarios 
would impact the hydrology of the Ronquillo watershed. During this phase, a rainfall-runoff 
model was used. The hydrological modeling shows that earthworks and afforestation scenarios 
considerably impact the hydrology of the Ronquillo River. By contrast, the impact of check 
dam scenarios on the hydrological state variables under consideration is comparatively small. 




runoff, and thus dampen the self-reinforcing process of surface runoff generation and 
subsequent soil erosion. However, this comes at the expense of a reduction in stream flow. On-
site effects such as the reduction of overland flow and enhanced water availability for crop 
growth in situ are counterbalanced by a reduction in water availability off-site. The results 
indicate that the climatic conditions of the Ronquillo watershed do not favor long-term water 
storage in soils under agricultural use, as additional soil water provided by the implementation 
SWCTs is stored in the soil layer and consequently evaporated or transpired by crops, but does 
not drain as base flow. 
Stream flow reduction is most pronounced during the rainy season, when there is plenty of 
water to serve human demand. During the dry season, stream flow reduction is comparably 
low, but still evident. The modeling results imply that within the framework of a water 
resource conservation strategy, it would be preferable to implement earthworks rather than 
afforestation measures, as the former reduce surface runoff more efficiently compared to the 
latter, and thus have less impact on water availability downstream.  
The findings from this research partially contradict the key aims of the CASCUS research 
project, which seeks to reduce soil erosion from surface runoff and simultaneously improve 
water availability downstream. The implementation of SWCTs redistributes the catchment’s 
water resources by augmenting water availability in the watershed while decreasing water 
availability downstream. Enhancing green water availability for plant transpiration is 
counterbalanced by less blue water flow draining the basin. Therefore, in order to ensure 
optimal redistribution of water resources an integrated watershed management approach 
should be taken into consideration. Indeed, in the Ronquillo watershed, where water 
availability does not meet water demand – at least during part of the year – such an approach is 
crucial for reconciling upstream and downstream environmental and economic effects during 












Abadín, J., González-Prieto, S., Sarmiento, L., Villar, M., & Carballas, T. (2002). Successional 
dynamics of soil characteristics in a long fallow agricultural system of the high tropical Andes. 
Soil Biology and Biochemistry, 34, 1739–1748. 
Abendroth, S. (2011). Hydrogeologische Untersuchung im Einzugsgebiet des Río Ronquillo in 
der nördlichen Sierra Perus. Freie Universität Berlin. [in German] 
Abreu, Z., Llambí, L.D., & Sarmiento, L. (2009). Sensitivity of soil restoration indicators 
during Páramo succession in the high tropical Andes: chronosequence and permanent plot 
approaches. Restoration Ecology, 17, 619–627. 
Aceituno, P. (1988). On the functioning of the Southern Oscillation in the South American 
sector. Part I: Surface climate. Monthly Weather Review, 116, 505–524. 
AG Boden (1994). Bodenkundliche Kartieranleitung. Bundesanstalt für Geowissenschaften 
und Rohstoffe und den Geologischen Landesämtern in der Bundesrepublik Deutschland, 
Hannover. [in German] 
Agarwal, R., Garg, P., & Garg, R. (2013). Remote Sensing and GIS Based Approach for 
Identification of Artificial Recharge Sites. Water Resources Management, 1–19. 
Aguilar, E., Auer, I., Brunet, M., Peterson, T.C., & Wieringa, J. (2003). Guidelines on climate 
metadata and homogenization. WMO TD, World Meteorological Organization, Geneva. 
Aksoy, H., Ilker, K., & Ebru, I. (2009). Filtered smoothed minima baseflow separation 
method. Journal of Hydrology, 372, 94–101. 
Aksoy, H., & Wittenberg, H. (2011). Nonlinear baseflow recession analysis in watersheds with 
intermittent streamflow. Hydrological Sciences Journal, 56, 226–237. 
Al-Seekh, S.H., & Mohammad, A.G. (2009). The effect of water harvesting techniques on 
runoff, sedimentation, and soil properties. Environmental Management, 44, 37–45. 
Al-Weshah, R.A., & El-Khoury, F. (1999). Flood Analysis and Mitigation for Petra Area in 
Jordan. Journal of Water Resources Planning and Management, 125, 170–177. 
Alegre, J., & Rao, M. (1996). Soil and water conservation by contour hedging in the humid 
tropics of Peru. Agriculture, Ecosystems & Environment, 57, 17–25. 
Allen, R.G., Pereira, L.S., Raes, D., & Smith, M. (1998). Crop evapotranspiration–Guidelines 
for computing crop water requirements, FAO Irrigation and drainage paper 56. Food and 
Agriculture Organization of the United Nations, Rome. 
Andersson, J., Zehnder, A., Jewitt, G., & Yang, H. (2009). Water availability, demand and 
reliability of in situ water harvesting in smallholder rain-fed agriculture in the Thukela River 
Basin, South Africa. Hydrology and Earth System Sciences, 13, 2329–2347. 
Andréassian, V. (2004). Waters and forests: from historical controversy to scientific debate. 
Journal of Hydrology, 291, 1–27. 
Antle, J.M., Valdivia, R.O., Crissman, C.C., Stoorvogel, J.J., & Yanggen, D. (2005). Spatial 
heterogeneity and adoption of soil conservation investments: integrated assessment of slow 
formation terraces in the Andes. Journal of International Agricultural Trade and Development, 
1, 29–53. 
Aravena, R. (1995). Isotope hydrology and geochemistry of northern Chile groundwaters. 




Arcement, G.J., & Schneider, V.R. (1989). Guide for Selecting Manning's Roughness 
Coefficients for Natural Channels and Flood Plains. U.S. Geological Survey Water-Supply 
Paper 2339.  
Arias-Hidalgo, M., Bhattacharya, B., Mynett, A., & Griensven, A.v. (2013). Experiences in 
using the TMPA-3B42R satellite data to complement rain gauge measurements in the 
Ecuadorian coastal foothills. Hydrology and Earth System Sciences, 17, 2905–2915. 
Aspinall, R., & Pearson, D. (2000). Integrated geographical assessment of environmental 
condition in water catchments: Linking landscape ecology, environmental modelling and GIS. 
Journal of Environmental Management, 59, 299–319. 
Assmann, A., Gündra, H., Schukraft, G., & Schulte, A. (1998). Konzeption und 
Standortauswahl bei der dezentralen, integrierten Hochwasserschutzplanung für die Obere 
Elsenz (Kraichgau). Wasser und Boden, 50, 15–19. [in German] 
Atkins, D., Calderon, C., Montoya, E., & Morales, E. (2005). Evaluation of water quality in 
Cajamarca, Peru, Annual Monitoring Report 2004–2005. Compliance Advisor/Ombudsman, 
Washington DC. 
Bakalowicz, M. (2005). Karst groundwater: a challenge for new resources. Hydrogeology 
journal, 13, 148–160. 
Bakhtiari, B., Ghahreman, N., Liaghat, A., & Hoogenboom, G. (2011). Evaluation of reference 
evapotranspiration models for a semiarid environment using lysimeter measurements. Journal 
of Agricultural Science and Technology (JAST), 13, 223–237. 
Banai-Kashani, R. (1989). A new method for site suitability analysis: The analytic hierarchy 
process. Environmental Management, 13, 685–693. 
Bárdossy, A., & Singh, S. (2008). Robust estimation of hydrological model parameters. 
Hydrology and Earth System Sciences, 12, 1273–1283. 
Barenys, M., Boix, N., Farran-Codina, A., Palma-Linares, I., Montserrat, R., Curto, A., 
Gomez-Catalan, J., Ortiz, P., Deza, N., & Llobet, J.M. (2014). Heavy metal and metalloids 
intake risk assessment in the diet of a rural population living near a gold mine in the Peruvian 
Andes (Cajamarca). Food and Chemical Toxicology, 71, 254–263. 
Bazzoffi, P., & Gardin, L. (2011). Effectiveness of the GAEC standard of cross compliance 
retain terraces on soil erosion control. Italian Journal of Agronomy, 6, e6. 
Bear, J. (1972). Dynamics of Fluids in Porous Media. American Elsevier Publishing Company 
Inc, New York. 
Becker, B., & Utermöhlen, H. (1997). Identificación de Especies en la Flora acompañante en 
campos de Cultivos de los Andes. In Tapia, M. (Ed.) Manejo Integral de Microcuencas. 
Centro Internacional de la Papa (CIP), Lima, Peru, (pp. 67–75). [in Spanish] 
Bekele, S.A., Lemperiere, P., & Tulu, T. (2009). Training manual on agricultural water 
management. ILRI, Nairobi, Kenya. 
Benavides-Ferreyros, I., Ángeles-Lazo, I.R., Salazar-Salazar, E., & Abásolo-Tejada, J. (2007). 
Inventario Participativo de Fuentes de Agua Superficial de la Cuencas del Río Mashcon. 
Autoridad Nacional de Agua, Cajamarca, Peru. [in Spanish] 
Bendix, J. (2000). Precipitation dynamics in Ecuador and Northern Peru during the 1991/92 El 
Niño: a remote sensing perspective. International Journal of Remote Sensing, 21, 533–548. 
Bendix, J., & Lauer, W. (1992). Die Niederschlagsjahreszeiten in Ecuador und ihre 




Bendix, J., Rollenbeck, R., & Reudenbach, C. (2006). Diurnal patterns of rainfall in a tropical 
Andean valley of southern Ecuador as seen by a vertically pointing K band Doppler radar. 
International Journal of Climatology, 26, 829–846. 
Bendix, J., Trachte, K., Cermak, J., Rollenbeck, R., & Nauß, T. (2009). Formation of 
convective clouds at the foothills of the tropical eastern Andes (south Ecuador). Journal of 
Applied Meteorology and Climatology, 48, 1682–1695. 
Benyon, R., & Doody, T. (2015). Comparison of interception, forest floor evaporation and 
transpiration in Pinus radiata and Eucalyptus globulus plantations. Hydrological Processes, 29, 
1173–1187. 
Bertalanffy, L.v. (1950). An outline of general system theory. British Journal for the 
Philosophy of Science, 1, 134–165. 
Bevan, A., & Conolly, J. (2011). Terraced fields and Mediterranean landscape structure: An 
analytical case study from Antikythera, Greece. Ecological Modelling, 222, 1303–1314. 
Beven, K. (1993). Prophecy, reality and uncertainty in distributed hydrological modelling. 
Advances in Water Resources, 16, 41–51. 
Beven, K. (2006). A manifesto for the equifinality thesis. Journal of Hydrology, 320, 18–36. 
Beven, K., Buytaert, W., & Smith, L.A. (2012). On virtual observatories and modelled realities 
(or why discharge must be treated as a virtual variable). Hydrological Processes, 26, 1905–
1908. 
Beven, K.J. (2012). Rainfall-runoff modelling: the primer. John Wiley & Sons, Ltd. 
Black, P.E. (1997). Watershed Functions. Journal of the American Water Resources 
Association, 33, 1–11. 
Blanco-Canqui, H., & Lal, R. (2008). Principles of Soil Conservation and Management. 
Springer Netherlands. 
Blasone, R.-S., Madsen, H., & Rosbjerg, D. (2007). Parameter estimation in distributed 
hydrological modelling: comparison of global and local optimisation techniques. Nordic 
Hydrology, 38, 451–476. 
Blüthgen, J., & Weischet, W. (1980). Allgemeine Klimageographie. Walter de Gruyter; Berlin, 
New York. [in German] 
Boix-Fayos, C., de Vente, J., Martínez-Mena, M., Barberá, G.G., & Castillo, V. (2008). The 
impact of land use change and check‐dams on catchment sediment yield. Hydrological 
Processes, 22, 4922–4935. 
Bölscher, J., Schulte, A., Reinhardt, C., & Wenzel, R. (2013). Flash flood retention in 
headwater areas of the Natzschung River using small retarding basins. IAHS–AISH 
publication, 153–165. 
Boyle, D.P., Gupta, H.V., & Sorooshian, S. (2000). Toward improved calibration of 
hydrologic models: Combining the strengths of manual and automatic methods. Water 
Resources Research, 36, 3663–3674. 
Bracken, L., Wainwright, J., Ali, G., Tetzlaff, D., Smith, M., Reaney, S., & Roy, A. (2013). 
Concepts of hydrological connectivity: Research approaches, pathways and future agendas. 
Earth Science Reviews, 119, 17–34. 
Bracken, L.J., & Croke, J. (2007). The concept of hydrological connectivity and its 
contribution to understanding runoff-dominated geomorphic systems. Hydrological Processes, 
21, 1749–1763. 
Bretschneider, H., Lecher, K., & Schmidt, M. (1993). Taschenbuch der Wasserwirtschaft. 




Breuer, L., Eckhardt, K., & Frede, H.-G. (2003). Plant parameter values for models in 
temperate climates. Ecological Modelling, 169, 237–293. 
Brouwer, C., Goffeau, A., & Heibloem, M. (1985). Irrigation Water Management: 
Introduction to Irrigation, Training Manual No. 1. Food and Agriculture Organization of the 
United Nations, Rome, Italy. 
Browman, D.L. (1987). Risk management in Andean arid lands. In Browman, D.L. (Ed.) Arid 
land use strategies and risk management in the Andes: A regional anthropological perspective. 
Westview Press, Boulder, (pp. 1–23). 
Bruins, H., Evenari, M., & Nessler, U. (1986). Rainwater-harvesting agriculture for food 
production in arid zones: the challenge of the African famine. Applied Geography, 6, 13–32. 
Burgy, R.H., & Pomeroy, C.R. (1958). Interception losses in grassy vegetation. Transactions, 
American Geophysical Union, 39, 1095–1100. 
Burnside, N., Smith, R., & Waite, S. (2002). Habitat suitability modelling for calcareous 
grassland restoration on the South Downs, United Kingdom. Journal of Environmental 
Management, 65, 209–221. 
Bury, J. (2004). Livelihoods in transition: transnational gold mining operations and local 
change in Cajamarca, Peru. The Geographical Journal, 170, 78–91. 
Bury, J. (2005). Mining mountains: neoliberalism, land tenure, livelihoods, and the new 
Peruvian mining industry in Cajamarca. Environment and Planning A, 37, 221–239. 
Bury, J.T. (2002). Livelihoods, Mining and Peasant Protests in the Peruvian Andes. Journal of 
Latin American Geography, 1, 3–19. 
Buytaert, W., & Beven, K. (2011). Models as multiple working hypotheses: Hydrological 
simulation of tropical alpine wetlands. Hydrological Processes, 25, 1784–1799. 
Buytaert, W., Célleri, R., De Bièvre, B., Cisneros, F., Wyseure, G., Deckers, J., & Hofstede, R. 
(2006a). Human impact on the hydrology of the Andean páramos. Earth Science Reviews, 79, 
53–72. 
Buytaert, W., Celleri, R., Willems, P., Bièvre, B.D., & Wyseure, G. (2006b). Spatial and 
temporal rainfall variability in mountainous areas: A case study from the south Ecuadorian 
Andes. Journal of Hydrology, 329, 413–421. 
Buytaert, W., Cuesta-Camacho, F., & Tobón, C. (2011). Potential impacts of climate change 
on the environmental services of humid tropical alpine regions. Global Ecology and 
Biogeography, 20, 19–33. 
Buytaert, W., & De Bièvre, B. (2012). Water for cities: The impact of climate change and 
demographic growth in the tropical Andes. Water Resources Research, 48. 
Buytaert, W., Iñiguez, V., & De Bièvre, B. (2007). The effects of afforestation and cultivation 
on water yield in the Andean páramo. Forest Ecology and Management, 251, 22–30. 
Buytaert, W., Sevink, J., De Leeuw, B., & Deckers, J. (2005a). Clay mineralogy of the soils in 
the south Ecuadorian páramo region. Geoderma, 127, 114–129. 
Buytaert, W., Wyseure, G., De Bievre, B., & Deckers, J. (2005b). The effect of land-use 
changes on the hydrological behaviour of Histic Andosols in south Ecuador. Hydrological 
Processes, 19, 3985–3997. 
Buytaert, W., Zulkafli, Z., Grainger, S., Acosta, L., Alemie, T.C., Bastiaensen, J., De Bièvre, 
B., Bhusal, J., Clark, J., & Dewulf, A. (2014). Citizen science in hydrology and water 
resources: opportunities for knowledge generation, ecosystem service management, and 




Cabaneiro, A., Fernandez, I., Pérez-Ventura, L., & Carballas, T. (2008). Soil CO2 emissions 
from Northern Andean Paramo ecosystems: Effects of fallow agriculture. Environmental 
Science & Technology, 42, 1408–1415. 
Callow, J., & Smettem, K. (2009). The effect of farm dams and constructed banks on 
hydrologic connectivity and runoff estimation in agricultural landscapes. Environmental 
Modelling & Software, 24, 959–968. 
Cammeraat, E., & Seijmonsbergen, H. (2010). Significance of silica karst in ignimbrite 
landscapes in the Peruvian Andes and their vulnerability to land degradation. EGU General 
Assembly, Vienna, Austria, 12 (p. 13703). 
Cardwell, H.E., Cole, R.A., Cartwright, L.A., & Martin, L.A. (2006). Integrated Water 
Resources Management: Definitions and Conceptual Musings. Journal of Contemporary 
Water Research & Education, 135, 8-18. 
Carrillo-Rivera, J.J., Cardona, A., Huizar-Alavarez, R., & Graniel, E. (2008). Response of the 
interaction between groundwater and other components of the environment in Mexico. 
Environmental Geology, 55, 303–319. 
Carver, S.J. (1991). Integrating multi-criteria evaluation with geographical information 
systems. International Journal of Geographical Information System, 5, 321–339. 
Caviedes, C., & Endlicher, W. (1989). Die Niederschlagsverhältnisse in Nordperu während des 
El Niño-Southern Oscillation-Ereignisses von 1983. Die Erde, 129, 81–97. [in German] 
Celleri, R. (2011). A Regional Initiative for the Hydrological Monitoring of Andean 
Ecosystems. Proceedings of the Second International Symposium on Building Knowledge 
Bridges for a Sustainable Water Future. UNESCO, International Hydrological Programme 
Hydrology for the Environment, Life and Policy (HELP), Panama, Republic of Panama, (pp. 
114–118). 
Célleri, R., & Feyen, J. (2009). The hydrology of tropical Andean ecosystems: Importance, 
knowledge status, and perspectives. Mountain Research and Development, 29, 350–355. 
Celleri, R., Willems, P., Buytaert, W., & Feyen, J. (2007). Space–time rainfall variability in 
the Paute basin, Ecuadorian Andes. Hydrological Processes, 21, 3316–3327. 
CENAGRO (2012). Censo Nacional Agropecuario del Perú. Instituto Nacional de Informática 
y Estadística (INEI), Lima, Peru. [in Spanish] 
CES (2010). Estudio de Factibilidad – Presa Chonta proyecto de regulacion de las aguas del 
rio Chonta mediante la presa Chonta. CES Consulting Engineers Salzgitter GmbH. Asociación 
Los Andes de Cajamarca (ALAC), Municipalidad Provincial de Cajamarca, Cajamarca, Peru. 
[in Spanish] 
Chapman, T. (1999). A comparison of algorithms for stream flow recession and baseflow 
separation. Hydrological Processes, 701–714. 
Chávez-Guzmán, J.B. (1993). El Agua en la Subcuenca del Río Manzañas. In Regalado-P., E. 
& Vásquez-M., S. (Eds.) Ecología Y Desarrollo Sostenible en los Andes – Experiencias en la 
Subcuenca del Río Manzanas – Sierra Norte del Perú: Cajamarca. PNUMA, Lima, (pp. 51–
71). [in Spanish] 
Chavez, H., Nadolnyak, D., & Saravia, M. (2013). Socioeconomic and Environmental Impact 
of Development Interventions: Rice Production at the Gallito Ciego Reservoir in Peru. 
International Food and Agribusiness Management Review, 16, 1–16. 
Cheng, Q.-B., Chen, X., Xu, C.-Y., Reinhardt-Imjela, C., & Schulte, A. (2014). Improvement 
and comparison of likelihood functions for model calibration and parameter uncertainty 




Claessens, L., Stoorvogel, J., & Antle, J. (2010). Exploring the impacts of field interactions on 
an integrated assessment of terraced crop systems in the Peruvian Andes. Journal of Land Use 
Science, 5, 259–275. 
Clark, C. (1945). Storage and the unit hydrograph. Transactions of the American Society of 
Civil Engineers, 110, 1419–1446. 
Coker, I., & Flores, R. (1999). Implications of live barriers for slope stability in Andean 
hillside farming systems. Mountain Research and Development, 300–306. 
Cook, S., Fisher, M., Tiemann, T., & Vidal, A. (2011). Water, food and poverty: global- and 
basin-scale analysis. Water International, 36, 1–16. 
Cosby, B., Hornberger, G., Clapp, R., & Ginn, T. (1984). A statistical exploration of the 
relationships of soil moisture characteristics to the physical properties of soils. Water 
Resources Research, 20, 682–690. 
Countryman, J.R., Carrier, S.C., & Kane, S.E. (2011). Predictive Modelling: a Case Study of 
Agricultural Terraces at Monte Pallano (Abruzzo, Italy). Revive the Past: Proceedings of the 
39th Conference in Computer Applications and Quantitative Methods in Archaeology. CAA, 
Beijing, China, (pp. 307–317). 
Critchley, W., Reij, C., & Willcocks, T. (1994). Indigenous soil and water conservation: a 
review of the state of knowledge and prospects for building on traditions. Land Degradation & 
Development, 5, 293–314. 
Critchley, W., & Siegert, K. (1991). Water Harvesting: A Manual for the Design and 
Construction of Water Harvesting Schemes for Plant Production. AGL/MISC/17/91, Food and 
Agriculture Organization of the United Nations, Rome, Italy. 
Croke, J., Mockler, S., Fogarty, P., & Takken, I. (2005). Sediment concentration changes in 
runoff pathways from a forest road network and the resultant spatial pattern of catchment 
connectivity. Geomorphology, 68, 257–268. 
Culling, W.E.H. (1957). Multicyclic streams and the equilibrium theory of grade. The Journal 
of Geology, 259–274. 
Culling, W.E.H. (1987). Equifinality: modern approaches to dynamical systems and their 
potential for geographical thought. Transactions of the Institute of British Geographers, 57–
72. 
Dario Estrada, R., & Posner, J. (2001). The watershed as an organizing principle for research 
and development: an evaluation of experience in the Andean ecoregion. Mountain Research 
and Development, 21, 123–127. 
de Angelis, C.F., McGregor, G.R., & Kidd, C. (2004). A 3 year climatology of rainfall 
characteristics over tropical and subtropical South America based on Tropical Rainfall 
Measuring Mission Precipitation Radar data. International Journal of Climatology, 24, 385–
399. 
de Fraiture, C., Karlberg, L., & Rockstrom, J. (2009). Can rainfed agriculture feed the world?: 
An assessment of potentials and risk. In Wani, S.P., Rockstrom, J. & Oweis, T. (Eds.) Rainfed 
Agriculture: Unlocking the Potential. CAB International, (pp. 124–132). 
de Graaff, J., Amsalu, A., Bodnár, F., Kessler, A., Posthumus, H., & Tenge, A. (2008). Factors 
influencing adoption and continued use of long-term soil and water conservation measures in 
five developing countries. Applied Geography, 28, 271–280. 
De la Cruz, J., Zorogastúa, P., & Hijmans, R. (1999). Atlas Digital de los Recursos Naturales 
de Cajamarca. Documento de Trabajo 2. Departamento de Sistemas de Produccion y Manejo 




de Winnaar, G., Jewitt, G., & Horan, M. (2007). A GIS-based approach for identifying 
potential runoff harvesting sites in the Thukela River basin, South Africa. Physics and 
Chemistry of the Earth, Parts A/B/C, 32, 1058–1067. 
Defant, F. (1951). Local Winds. In Malone, T.F. (Ed.) Compendium of Meteorology. American 
Meteorological Society, Boston, Massachusetts, (pp. 655–672). 
Dehn, M. (1995). An evaluation of soil conservation techniques in the Ecuadorian Andes. 
Mountain Research and Development, 175–182. 
Denevan, W.M. (1988). Measurement of abandoned terracing from air photos: Colca Valley, 
Peru. Yearbook. Conference of Latin Americanist Geographers, 14, (pp. 20–30). 
Denevan, W.M. (1995). Prehistoric agricultural methods as models for sustainability. 
Advances in Plant Pathology, 11, 21–43. 
Descheemaeker, K., Raes, D., Allen, R., Nyssen, J., Poesen, J., Muys, B., Haile, M., & 
Deckers, J. (2011). Two rapid appraisals of FAO-56 crop coefficients for semiarid natural 
vegetation of the northern Ethiopian highlands. Journal of Arid Environments, 75, 353–359. 
Desmet, P., & Govers, G. (1997). Two-dimensional modelling of the within-field variation in 
rill and gully geometry and location related to topography. Catena, 29, 283–306. 
Domingo, F., Sánchez, G., Moro, M., Brenner, A., & Puigdefábregas, J. (1998). Measurement 
and modelling of rainfall interception by three semi-arid canopies. Agricultural and Forest 
Meteorology, 91, 275–292. 
Donovan, M.L., Rabe, D.L., & Olson Jr, C.E. (1987). Use of geographic information systems 
to develop habitat suitability models. Wildlife Society Bulletin, 574–579. 
Dorren, L., & Rey, F. (2004). A review of the effect of terracing on erosion. In Boix-Fayons, 
C. & Imeson, A. (Eds.) Briefing papers of the 2nd SCAPE Workshop. Cinque Terre, Italy, (pp. 
97–108).  
Droogers, P., & Allen, R.G. (2002). Estimating reference evapotranspiration under inaccurate 
data conditions. Irrigation and drainage systems, 16, 33–45. 
Dunne, T., & Leopold, L.B. (1978). Water in environmental planning. W.H. Freeman and 
Company, San Francisco. 
Durán-Zuazo, V.H., & Rodríguez-Pleguezuelo, C.R. (2008). Soil-erosion and runoff 
prevention by plant covers. A review. Agronomy for Sustainable Development, 28, 65–86. 
Durkee, J.D., & Mote, T.L. (2010). A climatology of warm season mesoscale convective 
complexes in subtropical South America. International Journal of Climatology, 30, 418–431. 
Eckhardt, K. (2005). How to construct recursive digital filters for baseflow separation. 
Hydrological Processes, 19, 507–515. 
Efstratiadis, A., & Koutsoyiannis, D. (2010). One decade of multi-objective calibration 
approaches in hydrological modelling: a review. Hydrological Sciences Journal, 55, 58–78. 
Engman, E.T. (1986). Roughness coefficients for routing surface runoff. Journal of Irrigation 
and Drainage Engineering, 112, 39–53. 
EPA (1992). Storm Water Management for Industrial Activities: Developing Pollution 
Prevention Plans and Best Management Practices. United States Environmental Protection 
Agency. Office of Water. 
EPS SEDACAJ S.A. (2006). Plan Maestro Optimizado para las ciudades y localidades de 
Cajamarca, Contumazá y San Miguel. Empresa Prestadora de Servicio de Agua Potable y 




Espinoza-Villar, J.C., Ronchail, J., Guyot, J.L., Cochonneau, G., Naziano, F., Lavado, W., De 
Oliveira, E., Pombosa, R., & Vauchel, P. (2009). Spatio‐temporal rainfall variability in the 
Amazon basin countries (Brazil, Peru, Bolivia, Colombia, and Ecuador). International Journal 
of Climatology, 29, 1574–1594. 
Espinoza, J.C.V., Ronchail, J., Guyot, J.L., Cochonneau, G., Naziano, F., Lavado, W., De 
Oliveira, E., Pombosa, R., & Vauchel, P. (2009). Spatio temporal rainfall variability in the 
Amazon basin countries (Brazil, Peru, Bolivia, Colombia, and Ecuador). International Journal 
of Climatology, 29, 1574–1594. 
Eswaran, H., Lal, R., & Reich, P. (2001). Land Degradation: An Overview. In Bridges, E., 
Hannam, I., LR, O., Penning de Vries, F., Scherr, S. & Sompatpanit, S. (Eds.) Responses to 
Land degradation. Oxford Press, New Delhi, India, (pp. 20–35). 
Evans, R. (2006). Sustainable practices to limit soil erosion: a review and discussion. CAB 
Reviews: Perspectives in Agriculture Veterinary Science Nutrition and Natural Resources, 1. 
Falkenmark, M. (1997). Meeting water requirements of an expanding world population. 
Philosophical Transactions of the Royal Society of London. Series B: Biological Sciences, 352, 
929–936. 
Falkenmark, M., & Rockström, J. (2006). The new blue and green water paradigm: Breaking 
new ground for water resources planning and management. Journal of Water Resources 
Planning and Management, 132, 129–132. 
FAO (2000). Manual on Integrated Soil Management and Conservation Practices. Food and 
Agriculture Organization of the United Nations, Rome, Italy. 
FAO (2006). World Reference Base for Soil Resources 2006. Food and Agriculture 
Organization of the United Nations, Rome, Italy. 
FAO (2009). Food Security and Agricultural Mitigation in Developing Countries: Options for 
Capturing Synergies. Food and Agriculture Organization of the United Nations, Rome, Italy. 
Farley, K.A., Jobbágy, E.G., & Jackson, R.B. (2005). Effects of afforestation on water yield: a 
global synthesis with implications for policy. Global Change Biology, 11, 1565–1576. 
Farley, K.A., & Kelly, E.F. (2004). Effects of afforestation of a páramo grassland on soil 
nutrient status. Forest Ecology and Management, 195, 281–290. 
Fenicia, F., Savenije, H.H.G., Matgen, P., & Pfister, L. (2006). Is the groundwater reservoir 
linear? Learning from data in hydrological modelling. Hydrology and Earth System Sciences, 
139–150. 
Fernández-Rubio, D.R., Lopez-Garcia, D.L., & Martins-Carvalho, D.J. (2012). Dictamen 
Percial Internacional. Componente Hídrico del Estudio de Impacto Ambiental del Proyecto 
Minero Conga (Cajamarca - Perú). Presidencia del Consejo de Ministros Perú, Lima, Peru. [in 
Spanish] 
Flohn, H. (1969). Local wind systems. In Flohn, H. & Kessler, A. (Eds.) General Climatology, 
World Survey of Climatology. Elsevier Science Ltd, Amsterdam, (pp. 139–171). 
Francou, B., Vuille, M., Favier, V., & Cáceres, B. (2004). New evidence for an ENSO impact 
on low-latitude glaciers: Antizana 15, Andes of Ecuador, 0°28´S. Journal of Geophysical 
Research, 109, D18106. 
Freytag, C. (1987). Results from the MERKUR experiment: Mass budget and vertical motions 
in a large valley during mountain and valley wind. Meteorology and Atmospheric Physics, 37, 
129–140. 
Fuller, D., Troyo, A., Alimi, T., & Beier, J. (2014). Participatory risk mapping of malaria 
vector exposure in northern South America using environmental and population data. Applied 




Furchner, K. (2010). Qualitative und semiquantitative Charakterisierung der 
Bodenerosionsformen im Einzugsgebiet des Río Manzana in der Region Cajamarca, nördliche 
Sierra Peru. Freie Universität Berlin. [in German] 
Galster, J.C. (2007). Natural and anthropogenic influences on the scaling of discharge with 
drainage area for multiple watersheds. Geosphere, 3, 260–271. 
Galster, J.C., Pazzaglia, F.J., Hargreaves, B.R., Morris, D.P., Peters, S.C., & Weisman, R.N. 
(2006). Effects of urbanization on watershed hydrology: The scaling of discharge with 
drainage area. Geology, 34, 713. 
Garcia, M., Raes, D., Allen, R., & Herbas, C. (2004). Dynamics of reference 
evapotranspiration in the Bolivian highlands (Altiplano). Agricultural and Forest Meteorology, 
125, 67–82. 
Gardner, R., & Gerrard, A. (2003). Runoff and soil erosion on cultivated rainfed terraces in the 
Middle Hills of Nepal. Applied Geography, 23, 23–45. 
Garreaud, R.D. (2009). The Andes climate and weather. Advances in Geosciences, 22, 3–11. 
Garreaud, R.D., & Aceituno, P. (2001). Interannual rainfall variability over the South 
American Altiplano. Journal of Climate, 14, 2779–2789. 
Garreaud, R.D., & Battisti, D.S. (1999). Interannual (ENSO) and Interdecadal (ENSO-like) 
Variability in the Southern Hemisphere Tropospheric Circulation. Journal of Climate, 12, 
2113–2123. 
Garreaud, R.D., Vuille, M., Compagnucci, R., & Marengo, J. (2009). Present-day South 
American climate. Palaeogeography, Palaeoclimatology, Palaeoecology, 281, 180–195. 
Garreaud, R.D., & Wallace, J.M. (1997). The diurnal march of convective cloudiness over the 
Americas. Monthly Weather Review, 125, 3157–3171. 
Gatot, I., Perez, P., & Duchesne, J. (2001). Modelling the influence of irrigated terraces on the 
hydrological response of a small basin. Environmental Modelling & Software, 16, 31–36. 
Gbanie, S.P., Tengbe, P.B., Momoh, J.S., Medo, J., & Kabba, V.T.S. (2013). Modelling 
landfill location using Geographic Information Systems (GIS) and Multi-Criteria Decision 
Analysis (MCDA): Case study Bo, Southern Sierra Leone. Applied Geography, 36, 3–12. 
Gifford, B., Kestler, A., & Anand, S. (2010). Building local legitimacy into corporate social 
responsibility: Gold mining firms in developing nations. Journal of World Business, 45, 304–
311. 
Gobierno Regional de Cajamarca (2009). Estudio de Hidrologíco Regional de la region 
Cajamarca. Gobierno Regional de Cajamarca, Cajamarca, Peru. [in Spanish] 
Goldberg, R., Tisnado, G., & Scofield, R. (1987). Characteristics of extreme rainfall events in 
Northwestern Peru during the 1982–1983 El Niño period. Journal of Geophysical Research, 
92, 14225–14241. 
González, C., & Picard, L. (1986). Análisis climatológico de 27 estaciones de las cuencas de 
los Ríos Cajamarca y Condebamba. CICAFOR, Cajamarca, Peru. [in Spanish] 
Grey, D., & Sadoff, C.W. (2007). Sink or swim? Water security for growth and development. 
Water Policy, 9, 545. 
Gupta, H.V., Sorooshian, S., & Yapo, P.O. (1999). Status of automatic calibration for 
hydrologic models: Comparison with multilevel expert calibration. Journal of hydrologic 
engineering, 4, 135–143. 
Hammad, A.A., Haugen, L.E., & Børresen, T. (2004). Effects of stonewalled terracing 
techniques on soil-water conservation and wheat production under Mediterranean conditions. 




Hammad, A.H.A., Børresen, T., & Haugen, L. (2006). Effects of rain characteristics and 
terracing on runoff and erosion under the Mediterranean. Soil and Tillage Research, 87, 39–47. 
Hammond, M., & Han, D. (2006). Recession curve estimation for storm event separations. 
Journal of Hydrology, 573–585. 
Hannah, D.M., Demuth, S., van Lanen, H.A., Looser, U., Prudhomme, C., Rees, G., Stahl, K., 
& Tallaksen, L.M. (2011). Large-scale river flow archives: importance, current status and 
future needs. Hydrological Processes, 25, 1191–1200. 
Harden, C.P. (1996). Interrelationships between land abandonment and land degradation: a 
case from the Ecuadorian Andes. Mountain Research and Development, 274–280. 
Harden, C.P. (2006). Human impacts on headwater fluvial systems in the northern and central 
Andes. Geomorphology, 79, 249–263. 
Hargreaves, G.H., & Samani, Z.A. (1982). Estimating potential evapotranspiration. Journal of 
the Irrigation and Drainage Division, 108, 225–230. 
Hargreaves, G.H., & Samani, Z.A. (1985). Reference crop evapotranspiration from 
temperature. Applied Engineering in Agriculture, 1, 96–99. 
Hartwich, J. (2010). Hydrologische Charakterisierung des Río Ronquillo in der nördlichen 
Sierra Perus: Faktoren – Monitoring – Hydraulische Modellierung. Freie Universität Berlin. 
[in German] 
Hessel, R., & Tenge, A. (2008). A pragmatic approach to modelling soil and water 
conservation measures with a catchment scale erosion model. Catena, 74, 119–126. 
Hillel, D. (1998). Environmental Soil Physics. Academic Press, San Diego. 
Hoffmann, J.A.J. (1992). Das kontinentale Luftdruck- und Niederschlagsregime Südamerikas 
(The Continental Atmospheric Pressure and Precipitation Regime of South America). 
Erdkunde, 46, 40–51. [in German] 
Holtan, H.N. (1961). A concept for infiltration estimates in watershed engineering. United 
States Department of Agriculture, Washington, D.C. 
Holtan, H.N. (1970). Representative and experimental basins as dispersed systems. Symposium 
of Wellington. IASH 1972–73, (pp. 112–126). 
Holtan, H.N., & Lopez, N.C. (1971). USDAHL-70 Model of Watershed Hydrology.Technical 
Bulletin No. 1435. United States Department of Agriculture. 
Horel, J.D., & Cornejo-Garrido, A.G. (1986). Convection along the coast of northern Peru 
during 1983: Spatial and temporal variation of clouds and rainfall. Monthly Weather Review, 
114, 2091–2105. 
Horel, J.D., Hahmann, A.N., & Geisler, J.E. (1989). An investigation of the annual cycle of 
convective activity over the tropical Americas. Journal of Climate, 2, 1388–1403. 
Houston, J. (2009). A recharge model for high altitude, arid, Andean aquifers. Hydrological 
Processes, 23, 2383–2393. 
Houze, R.A., Jr (2004). Mesoscale convective systems. Reviews of Geophysics, 42, RG4003. 
Howell, W.E. (1953). Local weather of the Chicama Valley (Peru). Theoretical and Applied 
Climatology, 5, 41–51. 
Hoyningen-Huene, J. (1983). Die Interzeption des Niederschlages in landwirtschaftlichen 
Pflanzenbeständen und der Einfluß der Landnutzung auf den Gebietswasserhaushalt. DVWK 
Schriften, 57. [in German] 
Hudson, N. (1987). Soil and water conservation in semi-arid areas. Food and Agriculture 




Hudson, N.W. (1991). A study of the reasons for success or failure of soil conservation 
projects. Food and Agriculture Organization of the United Nations, Rome. 
Hydrology Handbook (1996). ASCE Manuals on Engineering Practice No. 28. ASCE, New 
York. 
Hydrotec (2009). Niederschlag-Abfluss-Modell NASIM. Hydrotec GmbH, Aachen. [in 
German] 
Inbar, M., & Llerena, C.A. (2000). Erosion processes in high mountain agricultural terraces in 
Peru. Mountain Research and Development, 20, 72–79. 
INGEMMET (2014). GEOCATMIN Sistema de Informacion Geologico y Catastral Minero 
[online]. Available from: http://geocatmin.ingemmet.gob.pe/geocatmin/ [accessed 
21/11/2014]. 
Institute of Hydrology (1980). Low Flow Studies. Institute of Hydrology, Wallingford, 
Oxfordshire. 
Jabr, W., & El-Awar, F. (2004). GIS & Analytic Hierarchy Process for Siting Water 
Harvesting Reservoirs. Esri UC Proceedings. 
Jacay, J., Guadalupe, E., & Sánchez, J. (2003). Estilo estructural de los yacimientos minerales 
en la franja Huamachuco-Cajabamba: Andes Norperuanos. Revista del Instituto de 
Investigación de la Facultad de Ingeniería Geológica, Minera, Metalurgica y Geográfica, 6, 
16–20. [in Spanish] 
Jaillard, E. (1994). Kimmeridgian to Paleocene tectonic and geodynamic evolution of the 
Peruvian (and Ecuadorian) margin. In Salfity, J.A. (Ed.) Cretaceous tectonics of the Andes. 
Vieweg, Braunschweig, (pp. 101–167). 
Jenson, S., & Domingue, J. (1988). Extracting topographic structure from digital elevation data 
for geographic information system analysis. Photogrammetric engineering and remote 
sensing, 54, 1593–1600. 
Jothiprakash, V., & Sathe, M.V. (2009). Evaluation of Rainwater Harvesting Methods and 
Structures Using Analytical Hierarchy Process for a Large Scale Industrial Area. Journal of 
Water Resource and Protection, 1, 427–438. 
Kadam, A.K., Kale, S.S., Pande, N.N., Pawar, N., & Sankhua, R. (2012). Identifying Potential 
Rainwater Harvesting Sites of a Semi-arid, Basaltic Region of Western India, Using SCS-CN 
Method. Water resources management, 26, 2537–2554. 
Kahinda, J.M., Lillie, E., Taigbenu, A., Taute, M., & Boroto, R. (2008). Developing suitability 
maps for rainwater harvesting in South Africa. Physics and Chemistry of the Earth, Parts 
A/B/C, 33, 788–799. 
Kahinda, J.M., Rockström, J., Taigbenu, A.E., & Dimes, J. (2007). Rainwater harvesting to 
enhance water productivity of rainfed agriculture in the semi-arid Zimbabwe. Physics and 
Chemistry of the Earth, Parts A/B/C, 32, 1068–1073. 
Kahinda, J.M., Taigbenu, A., Sejamoholo, B., Lillie, E., & Boroto, R. (2009). A GIS-based 
decision support system for rainwater harvesting (RHADESS). Physics and Chemistry of the 
Earth, Parts A/B/C, 34, 767–775. 
Kane, R. (2000). El Niño/La Niña relationship with rainfall at Huancayo, in the Peruvian 
Andes. International Journal of Climatology, 20, 63–72. 
Kaser, G., Juen, I., Georges, C., Gómez, J., & Tamayo, W. (2003). The impact of glaciers on 
the runoff and the reconstruction of mass balance history from hydrological data in the tropical 




Kayano, M.T., Rao, V.B., & Moura, A.D. (1988). Tropical circulations and the associated 
rainfall anomalies during two contrasting years. International Journal of Climatology, 8, 477–
488. 
Kemp-Benedict, E., Cook, S., Allen, S.L., Vosti, S., Lemoalle, J., Giordano, M., Ward, J., & 
Kaczan, D. (2011). Connections between poverty, water and agriculture: evidence from 10 
river basins. Water International, 36, 125–140. 
Kessler, C. (2006). Decisive key-factors influencing farm households' soil and water 
conservation investments. Applied Geography, 26, 40–60. 
Kille, W. (1970). Das Verfahren MoMNQ, ein Beitrag zur Berechnung der mittleren 
langjährigen Grundwasserneubildung mit Hilfe der monatlichen Niedrigwasserabflüsse. 
Zeitschrift der Deutschen Geologischen Gesellschaft, Sonderheft Hydrogeologie und 
Hydrogeochemie, 89–95. [in German] 
Kirshbaum, D.J., & Durran, D.R. (2004). Factors governing cellular convection in orographic 
precipitation. Journal of the Atmospheric Sciences, 61, 682–698. 
Krois, J., & Schulte, A. (2013). Modeling the Hydrological Response of Soil and Water 
Conservation Measures in the Ronquillo Watershed in the Northern Andes of Peru. 6th edition 
of the International Conference on Water Resources and Environment Research (ICWRER), 
3–7 June 2013, Koblenz, Germany, (pp. 147–184). 
Krois, J., & Schulte, A. (2014). GIS-based multi-criteria evaluation to identify potential sites 
for soil and water conservation techniques in the Ronquillo watershed, northern Peru. Applied 
Geography, 51, 131–142. 
Krois, J., Abendroth, S., Schulte, A., & Schneider, M. (2013a). Dry Season Runoff and Natural 
Water Storage Capacity in the High Andean Catchment of the River Ronquillo in the Northern 
Sierra of Peru. Journal of Latin American Geography, 12, 59–89. 
Krois, J., Schulte, A., Pajares-Vigo, E., & Cerdán, C. (2013b). Temporal and spatial 
characteristics of rainfall patterns in the northern Sierra of Peru – a case study for La Niña to 
El Niño transitions from 2005 to 2010. Espacio y Desarrollo, 25, 23–48. 
Kuettner, J. (1959). The rotor flow in the lee of mountains. Air Force Cambridge Research 
Center, Bedford, Massachusetts. 
Kuraś, P.K., Weiler, M., & Alila, Y. (2008). The spatiotemporal variability of runoff 
generation and groundwater dynamics in a snow-dominated catchment. Journal of Hydrology, 
352, 50–66. 
Lagos-M., A., Sánchez-I., J., Quispe-M., Z., & Palacios-M., O. (2006). Aportes al análisis de 
cuencas sedimentarias en los alrededores de las localidades de los Baños del Inca, Cruz 
Blanca, Otuzco, distrito de Cajamarca. XIII Congreso Peruano de Geología, Lima, (pp. 551–
554). [in Spanish] 
Lagos, P., Silva, Y., Nickl, E., & Mosquera, K. (2008). El Niño? Related precipitation 
variability in Perú. Advances in Geosciences, 14, 231–237. 
Laing, A.G., & Fritsch, M.J. (1997). The global population of mesoscale convective 
complexes. Quarterly Journal of the Royal Meteorological Society, 123, 389–405. 
Lancaster, B. (2006). Rainwater Harvesting for Drylands and Beyond (Vol. 1): Guiding 
Principles to Welcome Rain into your Life and Landscape. White River Junction, Chelsea 
Green Publishing, Vermont. 
Lancaster, B. (2008). Rainwater Harvesting for Drylands and Beyond (Vol. 2): Water-
Harvesting Earthworks. White River Junction, Chelsea Green Publishing, Vermont. 
Landa-E., C., Van Hoof-B., C., Poma-R., W., & Mestanza-N., J. (1978). Los suelos de la 




Landa, C., Picard, L., & Velarde, E. (1975). Eucalyptus globulus Labill. y Pinus radiata D. 
Don. – Recomendaciones para su utilización en plantaciones forestales en Cajamarca. 
Ministerio de Agricultura, Direción General Forestal y de Fauna, Zona Agraria II, Cajamarca, 
Peru. [in Spanish] 
Lauer, W. (1993). Human development and environment in the Andes: a geoecological 
overview. Mountain Research and Development, 157–166. 
Lavado-Casimiro, W.S., Ronchail, J., Labat, D., Espinoza, J.C., & Guyot, J.L. (2012). Basin-
scale analysis of rainfall and runoff in Peru (1969–2004): Pacific, Titicaca and Amazonas 
drainages. Hydrological Sciences Journal, 57, 625–642. 
Legates, D.R., & McCabe, G.J. (1999). Evaluating the use of “goodness‐of‐fit” measures in 
hydrologic and hydroclimatic model validation. Water Resources Research, 35, 233–241. 
Lenzi, M.A. (2002). Stream bed stabilization using boulder check dams that mimic step-pool 
morphology features in Northern Italy. Geomorphology, 45, 243–260. 
Lerner, D.N., Issar, A.S., & Simmers, I. (1990). Groundwater Recharge: A Guide to 
Understanding and Estimating Natural Recharge. Heise, Hannover. 
Lesschen, J.P. (2007). Soil and Water Conservation Practices. In Hooke, J. & Sandercock, P.J. 
(Eds.) Conditions for Restoration & Mitigation of Desertified Areas Using Vegetation 
(RECONDES). European Commission, (pp. 165–173). 
Lesschen, J.P., Schoorl, J.M., & Cammeraat, L. (2009). Modelling runoff and erosion for a 
semi-arid catchment using a multi-scale approach based on hydrological connectivity. 
Geomorphology, 109, 174–183. 
Leuschner, C. (1986). Niederschlags-Interzeption aus ökologischer Sicht: 
Mikrometeorologische und physiologische Untersuchungen in krautigen Pflanzenbeständen. 
Forschungszentrum Waldökosysteme/Waldsterben, Göttingen. [in German]  
Lillich, W. (1970). Vergleich moderner Methoden zur Bestimmung des Grundwasseranteils 
am Gesamtabfluß an der Erdoberfläche. Zeitschrift der Deutschen Geologischen Gesellschaft, 
17–25. [in German] 
Liniger, H., & Schwilch, G. (2002). Enhanced decision-making based on local knowledge: The 
WOCAT method of sustainable soil and water management. Mountain Research and 
Development, 22, 14–18. 
Liniger, H.P., Mekdaschi Studer, R., Hauert, C., & Gurtner, M. (2011). Sustainable Land 
Management in Practice – Guidelines and Best Practices for Sub-Saharan Africa. TerrAfrica, 
World Overview of Conservation Approaches and Technologies (WOCAT) and Food and 
Agriculture Organization of the United Nations (FAO). 
Loayza, R.D. (1999). Estudio inicial de aporte de sedimentos del Rio Jequetepeque al embalse 
Gallito Ciego. Condesan CAJ, 13, 1–11. [in Spanish] 
López, M.E., & Howell, W.E. (1967). Katabatic winds in the equatorial Andes. Journal of 
Atmospheric Sciences, 24, 29–35. 
Lu, J., Sun, G., McNulty, S.G., & Amatya, D.M. (2005). A comparison of six potential 
evapotranspiration methods for regional use in the southeastern United States. Journal of the 
American Water Resources Association, 41, 621–633. 
LUBW (2002). Hydraulik naturnaher Fliessgewässer Teil 1–Grundlagen und empirische 
hydraulische Berechnungsverfahren, Oberirdische Gewässer, Gewässerökologie, 
Landesanstalt für Umweltschutz Baden-Württemberg. [in German] 
Luteyn, J.L. (1992). Páramos: why study them? In Balslev, H. & Luteyn, J.L. (Eds.) Páramo: 




Lutz, E., Pagiola, S., & Reiche, C. (1994). The costs and benefits of soil conservation: the 
farmers' viewpoint. The World Bank Research Observer, 9, 273–295. 
Maddox, R.A. (1980). Mesoscale convective complexes. American Meteorological Society 
Bulletin, 61, 1374–1387. 
Maetens, W., Poesen, J., & Vanmaercke, M. (2012). How effective are soil conservation 
techniques in reducing plot runoff and soil loss in Europe and the Mediterranean? Earth 
Science Reviews, 115, 21–36. 
Magaritz, M., Aravena, R., Pena, H., Suzuki, O., & Grilli, A. (1990). Source of ground water 
in the deserts of northern Chile: Evidence of deep circulation of ground water from the Andes. 
Ground Water, 28, 513–517. 
Magrin, G.O., Marengo, J.A., Boulanger, J.-P., Buckeridge, M.S., Castellanos, E., Poveda, G., 
Scarano, F.R., & Vicuña, S. (2014). Central and South America. In Barros, V.R., Field, C.B., 
Dokken, D.J., Mastrandrea, M.D., Mach, K.J., Bilir, T.E., Chatterjee, K.L., Ebi, K.L., Estrada, 
Y.O., Genova, R.C., Grima, B., Kissel, E.S., Levy, A.N., MacCracken, S., Mastrandrea, P.R. 
& White, L.L. (Eds.) Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: 
Regional Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change.  
Mahmoud, M., Liu, Y., Hartmann, H., Stewart, S., Wagener, T., Semmens, D., Stewart, R., 
Gupta, H., Dominguez, D., & Dominguez, F. (2009). A formal framework for scenario 
development in support of environmental decision-making. Environmental Modelling & 
Software, 24, 798–808. 
Maidment, D.R. (2002). ArcHydro – GIS for Water Resources. ESRI Press. 
Makurira, H., Savenije, H., Uhlenbrook, S., Rockström, J., & Senzanje, A. (2009). 
Investigating the water balance of on-farm techniques for improved crop productivity in 
rainfed systems: A case study of Makanya catchment, Tanzania. Physics and Chemistry of the 
Earth, Parts A/B/C, 34, 93–98. 
Malczewski, J. (2004). GIS-based land-use suitability analysis: a critical overview. Progress in 
planning, 62, 3–65. 
Mantas, V.M., Liu, Z., Caro, C., & Pereira, A.J.S.C. (2015). Validation of TRMM multi-
satellite precipitation analysis (TMPA) products in the Peruvian Andes. Atmospheric 
Research, 163, 132–145. 
Mapes, B.E., Warner, T.T., Xu, M., & Negri, A.J. (2003). Diurnal patterns of rainfall in 
northwestern South America. Part I: Observations and context. Monthly Weather Review, 131, 
799–812. 
Marenbach, B., & Koehler, G. (2003). Örtliche und überörtliche Wirkung zentraler und 
dezentraler Hochwasserschutzmaßnahmen (Local and supralocal effects of central and 
decentralized measures). Wasser und Boden, 55, 22–26. [in German] 
Mark, B.G., McKenzie, J.M., & Gómez, J. (2005). Hydrochemical evaluation of changing 
glacier meltwater contribution to stream discharge: Callejon de Huaylas, Peru. Hydrological 
Sciences, 50, 975–987. 
Mark, B.G., & Seltzer, G.O. (2003). Tropical glacier meltwater contribution to stream 
discharge: a case study in the Cordillera Blanca, Peru. Journal of Glaciology, 49, 271–281. 
Martinez-Mena, M., Williams, A.G., Ternan, J.L., & Fitzjohn, C. (1998). Role of antecedent 
soil water content on aggregates stability in a semi-arid environment. Soil and Tillage 
Research, 48, 71–80. 
Matheny, R.T., & Gurr, D.L. (1983). Variation in prehistoric agricultural systems of the New 




Mbilinyi, B., Tumbo, S., Mahoo, H., & Mkiramwinyi, F. (2007). GIS-based decision support 
system for identifying potential sites for rainwater harvesting. Physics and Chemistry of the 
Earth, 32, 1074–1081. 
McMillan, H., Jackson, B., Clark, M., Kavetski, D., & Woods, R. (2011). Rainfall uncertainty 
in hydrological modelling: An evaluation of multiplicative error models. Journal of 
Hydrology, 400, 83–94. 
Mekdaschi Studer, R., & Liniger, H. (2013). Water Harvesting: Guidelines to Good 
Practice.Centre for Development and Environment (CDE), Bern; Rainwater Harvesting 
Implementation Network (RAIN), Amsterdam; MetaMeta, Wageningen; The International 
Fund for Agricultural Development (IFAD), Rome. 
Millones, J. (1982). Patterns of land use and associated environmental problems of the Central 
Andes: an integrated summary. Mountain Research and Development, 49–61. 
Molina, A., Govers, G., Vanacker, V., Poesen, J., Zeelmaekers, E., & Cisneros, F. (2007). 
Runoff generation in a degraded Andean ecosystem: Interaction of vegetation cover and land 
use. Catena, 71, 357–370. 
Molina, E.G., & Little, A.V. (1981). Geoecology of the Andes: the natural science basis for 
research planning. Mountain Research and Development, 115–144. 
Molle, F., Wester, P., & Hirsch, P. (2010). River basin closure: Processes, implications and 
responses. Agricultural Water Management, 97, 569–577. 
Moore, R.D. (1997). Storage-outflow modelling of streamflow recessions, with application to 
a shallow-soil forested catchment. Journal of Hydrology, 260–270. 
Morgan, R.P.C. (1986). Soil erosion and conservation. Longman Group UK Ltd, Essex. 
Moriasi, D., Arnold, J., Van Liew, M., Bingner, R., Harmel, R., & Veith, T. (2007). Model 
evaluation guidelines for systematic quantification of accuracy in watershed simulations. 
Transactions of the ASABE, 50, 885–900. 
Moussa, R., Voltz, M., & Andrieux, P. (2002). Effects of the spatial organization of 
agricultural management on the hydrological behaviour of a farmed catchment during flood 
events. Hydrological Processes, 16, 393–412. 
Müller, M.J. (1996). Handbuch ausgewählter Klimastationen der Erde. Forschungsstelle 
Boden der Universität Trier, Trier. [in German] 
Mulligan, M., Rubiano, J., Hyman, G., White, D., Garcia, J., Saravia, M., Leon, J.G., Selvaraj, 
J.J., Guttierez, T., & Saenz-Cruz, L.L. (2010). The Andes basins: biophysical and 
developmental diversity in a climate of change. Water International, 35, 472–492. 
Municipalidad Provincial de Cajamarca (2012). Instalacion, mejoramiento del servicio de 
abastecimiento de agua mediante la presa Chonta en el distrito de Cajamarca y distrito de 
Baños del Inca –provincia de Cajamarca-Cajamarca. Municipalidad Provincial de Cajamarca, 
Cajamarca, Peru. [in Spanish] 
Nanzyo, M., Shoji, S., & Dahlgren, R. (1993). Physical characteristics of volcanic ash soils. In 
Shoji, S., Dahlgren, R. & Nanzyo, M. (Eds.) Volcanic ash soils: Genesis, Properties and 
Utilization. Elsevier Science, Amsterdam, (pp. 189–201). 
Nash, J., & Sutcliffe, J. (1970). River flow forecasting through conceptual models part I – A 
discussion of principles. Journal of Hydrology, 10, 282–290. 
Nathan, R.J., & McMahon, T.A. (1990). Evaluation of Automated Techniques for Base Flow 
and Recession Analyses. Water Resources Research, 26, 1465–1473. 
Ngigi, S.N. (2003). What is the limit of up-scaling rainwater harvesting in a river basin? 




Ngigi, S.N., Savenije, H.H., & Gichuki, F.N. (2007). Land use changes and hydrological 
impacts related to up-scaling of rainwater harvesting and management in upper Ewaso Ng’iro 
river basin, Kenya. Land Use Policy, 24, 129–140. 
Nicklow, J.W., Boulos, P.F., & Muleta, M.K. (2006). Comprehensive urban hydrologic 
modeling handbook for engineers and planners. MWH Soft, Inc. 
NRCS (2004). National Engineering Handbook, Part 630 Hydrology. United States 
Department of Agriculture, Natural Resources Conservation Service, Washington D.C. 
Nyssen, J., Poesen, J., & Deckers, J. (2009). Land degradation and soil and water conservation 
in tropical highlands. Soil and Tillage Research, 103, 197–202. 
Nyssen, J., Poesen, J., Gebremichael, D., Vancampenhout, K., D’aes, M., Yihdego, G., 
Govers, G., Leirs, H., Moeyersons, J., & Naudts, J. (2007). Interdisciplinary on-site evaluation 
of stone bunds to control soil erosion on cropland in Northern Ethiopia. Soil and Tillage 
Research, 94, 151–163. 
Ochoa, A., Pineda, L., Crespo, P., & Willems, P. (2014). Evaluation of TRMM 3B42 
precipitation estimates and WRF retrospective precipitation simulation over the Pacific–
Andean region of Ecuador and Peru. Hydrology and Earth System Sciences, 18, 3179–3193. 
ONERN (1975). Inventario, Evaluación y Uso Racional de los Recursos Naturales de la Zona 
Sur del Departamento de Cajamarca. Oficina Nacional De Evaluacion De Recursos Naturales, 
Lima, Peru. [in Spanish] 
ONERN (1977). Inventario, Evaluación y Uso Racional de los Recursos Naturales de la Zona 
Norte del Departamento de Cajamarca. Oficina Nacional De Evaluacion De Recursos 
Naturales, Lima, Peru. [in Spanish] 
Ortiz, O. (2006). Evolution of agricultural extension and information dissemination in Peru: 
An historical perspective focusing on potato-related pest control. Agriculture and Human 
Values, 23, 477–489. 
Ostrowski, M.W. (1982). Ein Beitrag zur kontinuierlichen Simulation der Wasserbilanz, 
Mitteilungen Institut für Wasserbau und Wasserwirtschaft. Rheinisch-Westfälische Technische 
Hochschule Aachen, Aachen. [in German] 
Ostrowski, M.W. (1992). Ein universeller Baustein zur Simulation hydrologischer Prozesse. 
Wasser & Boden, 11, 755–760. [in German] 
Ostrowski, M.W., Schitthelm, D., & Schütz, E. (1988). Eine standardisierte Methode für den 
Einsatz deterministischer hydrologischer Modelle in der Wasserwirtschaft. Wasser & Boden, 
12, 693–697. [in German] 
Ouessar, M., Bruggeman, A., Abdelli, F., Mohtar, R., Gabriëls, D., & Cornelis, W. (2009). 
Modelling water-harvesting systems in the arid south of Tunisia using SWAT. Hydrology and 
Earth System Sciences, 13, 2003–2021. 
Oweis, T., & Hachum, A. (2006). Water harvesting and supplemental irrigation for improved 
water productivity of dry farming systems in West Asia and North Africa. Agricultural Water 
Management, 80, 57–73. 
Oweis, T., Hachum, A., & Kijne, J. (1999). Water harvesting and supplemental irrigation for 
improved water use efficiency in dry areas. IWMI. 
Patt, H., & Jüpner, R. (Eds.) (2013). Hochwasser-Handbuch: Auswirkungen und Schutz. 
Springer Verlag. Berlin, Heidelberg. [in German] 
Paulhus, J.L., & Kohler, M.A. (1952). Interpolation of missing precipitation records. Monthly 




Peña, F., & Vargas, V. (2006). Mapa Hidrogeológico de la Cuenca del Río Jequetepeque: 
Regiones Cajamarca y La Libertad. XIII Congreso Peruano de Geología, Sociedad Geológica 
del Perú, Lima, (pp. 476–470). [in Spanish] 
Perez, C., Nicklin, C., Dangles, O., Vanek, S., Sherwood, S., Halloy, S., Garrett, K., & Forbes, 
G. (2010). Climate Change in the High Andes: Implications and Adaptation Strategies for 
Small-scale Farmers. International Journal of Environmental, Cultural, Economic and Social 
Sustainability, 6, 16. 
Perrin, C., Michel, C., & Andréassian, V. (2001). Does a large number of parameters enhance 
model performance? Comparative assessment of common catchment model structures on 429 
catchments. Journal of Hydrology, 242, 275–301. 
Peterson, G.D., Cumming, G.S., & Carpenter, S.R. (2003). Scenario planning: a tool for 
conservation in an uncertain world. Conservation Biology, 17, 358–366. 
Phillips, J.D. (1989). Predicting minimum achievable soil loss in developing countries. Applied 
Geography, 9, 219–236. 
Pilgrim, D.H., Cordery, I., & Baron, B.C. (1982). Effects of catchment size on runoff 
relationships. Journal of Hydrology, 58, 205–221. 
Pimentel, D. (2006). Soil erosion: a food and environmental threat. Environment, Development 
and Sustainability, 8, 119–137. 
Poma-Miranda, J.C., & Poma-Miranda, R.d.l.C. (2001). Aplicación del Sistema de 
Información Geográfica en la Generación y gestión de Información de Capacidades de uso de 
los Suelos de la Intercuenca de los Ríos San Vincente y Porcón. Universidad Nacional de 
Cajamarca, Cajamarca, Peru. [in Spanish] 
Poma-Rojas, W. (1989). Estudio de suelos del área del Proyecto Piloto de Ecosistemas 
Andinos. PPEA, Cajamarca, Peru. [in Spanish] 
Poma-Rojas, W. (2013). Estudio de suelos, pisos altitudinales, zonas de vida, vegetación, 
ecosistemas agrícolas y clasificación de tierras por capacidad de uso mayor, con fines de 
zonificación ecológica, económica y ordenamiento territorial de la sub cuenca del río San 
Lucas del distrito de Cajamarca. Municipalidad Provincial de Cajamarca, Cajamarca, Peru. [in 
Spanish] 
Poma-Rojas, W., & Alcántara-Boñón, G.H. (2010). Estudio de Suelos con fines de 
Zonificación Ecologica Económica y Ordenamiento terretorial de la región Cajamarca. 
Gobierno Regional Cajamarca, Cajamarca, Peru. [in Spanish] 
Ponce, V.M., & Hawkins, R.H. (1996). Runoff curve number: Has it reached maturity? 
Journal of hydrologic engineering, 1, 11–19. 
Posthumus, H. (2005). Adoption of terraces in the Peruvian Andes. Wageningen University 
and Research Centre. 
Posthumus, H., & de Graaff, J. (2005). Cost-benefit analysis of bench terraces, a case study in 
Peru. Land Degradation & Development, 16, 1–11. 
Poulenard, J., Podwojewski, P., Janeau, J.L., & Collinet, J. (2001). Runoff and soil erosion 
under rainfall simulation of Andisols from the Ecuadorian Paramo: effect of tillage and 
burning. Catena, 45, 185–207. 
Poveda, G., Mesa, O.J., Salazar, L.F., Arias, P.A., Moreno, H.A., Vieira, S.C., Agudelo, P.A., 
Toro, V.G., & Alvarez, J.F. (2005). The diurnal cycle of precipitation in the tropical Andes of 
Colombia. Monthly Weather Review, 133, 228–240. 
Poveda, G., Waylen, P.R., & Pulwarty, R.S. (2006). Annual and inter-annual variability of the 
present climate in northern South America and southern Mesoamerica. Palaeogeography, 




Pretty, J.N., Morison, J.I., & Hine, R.E. (2003). Reducing food poverty by increasing 
agricultural sustainability in developing countries. Agriculture, ecosystems & environment, 95, 
217–234. 
Prinz, D. (1996). Water Harvesting – Past and Future. In Pereira, L.S. (Ed.) Proceedings of 
NATO Advanced Research Workshop, Vimeiro, Balkema, Rotterdam, (pp. 135 – 144). 
Pulgar-Vidal, J. (1996). Geografía del Perú. Las ocho regiones naturales – la Regionalización 
transversal – la Sabidura Ecológica Tradicional. PEISA, Lima, Peru. [in Spanish] 
Ramakrishnan, D., Bandyopadhyay, A., & Kusuma, K. (2009). SCS-CN and GIS-based 
approach for identifying potential water harvesting sites in the Kali Watershed, Mahi River 
Basin, India. Journal of earth system science, 118, 355–368. 
Refsgaard, J.C., & Knudsen, J. (1996). Operational validation and intercomparison of different 
types of hydrological models. Water Resources Research, 32, 2189–2202. 
Reinhardt, C. (2010). Dezentraler Hochwasserrückhalt im Einzugsgebiet der Oberen Flöha 
Reinhardt (Mittleres Erzgebirge). Doctoral thesis. Freie Universität Berlin. [in German] 
Reinhardt, C., Bölscher, J., Schulte, A., & Wenzel, R. (2011). Decentralised water retention 
along the river channels in a mesoscale catchment in south-eastern Germany. Physics and 
Chemistry of the Earth, Parts A/B/C, 36, 309–318. 
Reyes-Rivera, L. (1980). Geología de los cuadrángulos de Cajamarca, San Marcos y 
Cajabamba. Instituto Geológico Minero y Metalúrgica, Lima, Peru. [in Spanish] 
Ribstein, P., Tiriau, E., Francou, B., & Saravia, R. (1995). Tropical climate and glacier 
hydrology: a case study in Bolivia. Journal of Hydrology, 165, 221–234. 
Robert, E., Bulot, L.G., Dhondt, A., Jaillard, E., Villagomez, R., Rivadeneira, M., & Paz, M. 
(1998). La Transgresión del Cretáceo inferior en el margen andino (Perú y Ecuador): Datos 
preliminares. Boletin Sociedad Geológica del Perú, 88, 73–86. [in Spanish] 
Rockström, J., Karlberg, L., Wani, S.P., Barron, J., Hatibu, N., Oweis, T., Bruggeman, A., 
Farahani, J., & Qiang, Z. (2010). Managing water in rainfed agriculture – the need for a 
paradigm shift. Agricultural Water Management, 97, 543–550. 
Rohde, S.A. (2012). Die Wasserverfügbarkeit im Flusseinzugsgebiet des Ronquillo (nördliche 
Sierra Perus) und der Einfluss von Landnutzungsänderungen – eine hydrologische 
Modellierung mit NASIM. Freie Universität Berlin. [in German] 
Rollenbeck, R., & Bendix, J. (2011). Rainfall distribution in the Andes of southern Ecuador 
derived from blending weather radar data and meteorological field observations. Atmospheric 
Research, 99, 277–289. 
Romero-León, C.C., Baigorria, G.A., & Stroosnijder, L. (2007). Changes of erosive rainfall for 
El Nino and La Nina years in the northern Andean highlands of Peru. Climatic Change, 85, 
343–356. 
Romero, C.C., Baigorria, G.A., & Stroosnijder, L. (2007). Changes of erosive rainfall for El 
Niño and La Niña years in the northern Andean highlands of Peru. Climatic Change, 85, 343–
356. 
Römkens, M.J.M., Helming, K., & Prasad, S.N. (2002). Soil erosion under different rainfall 
intensities, surface roughness, and soil water regimes. Catena, 46, 103–123. 
Ronchail, J., & Gallaire, R. (2006). ENSO and rainfall along the Zongo valley (Bolivia) from 
the Altiplano to the Amazon basin. International Journal of Climatology, 26, 1223–1236. 
Ropelewski, C.F., & Halpert, M.S. (1996). Quantifying southern oscillation-precipitation 




Rossel, F., & Cadier, E. (2009). El Niño and prediction of anomalous monthly rainfalls in 
Ecuador. Hydrological Processes, 23, 3253–3260. 
Rost, S., Gerten, D., Hoff, H., Lucht, W., Falkenmark, M., & Rockström, J. (2009). Global 
potential to increase crop production through water management in rainfed agriculture. 
Environmental Research Letters, 4, 044002. 
Röttcher, K., Koehler, G., & Kleeberg, H.-B. (Eds.) (2007). Dezentraler Hochwasserschutz - 
Beiträge zum Seminar am 4./5. Juni 2007 in Leipzig. Hennef Fachgemeinschaft Hydrologische 
Wissenschaften in der DWA. [in German] 
Rousseaux, J.M., & Warkentin, B.P. (1976). Surface Properties and Forces Holding Water in 
Allophane Soils. Soil Science Society of America Journal, 40, 446–451. 
Rozante, J.R., Moreira, D.S., de Goncalves, L.G.G., & Vila, D.A. (2010). Combining TRMM 
and surface observations of precipitation: technique and validation over South America. 
Weather and Forecasting, 25, 885–894. 
Saaty, T.L. (1977). A scaling method for priorities in hierarchical structures. Journal of 
mathematical Psychology, 15, 234–281. 
Saaty, T.L. (1980). The Analytic Hierarchy Process: Planning, Priority Setting, Resource 
Allocation. McGraw-Hill, New York. 
Saaty, T.L. (1987). Rank generation, preservation, and reversal in the analytic hierarchy 
decision process. Decision Sciences, 18, 157–177. 
Saaty, T.L. (1990). How to make a decision: the analytic hierarchy process. European Journal 
of Operational Research, 48, 9–26. 
Samani, Z. (2000). Estimating solar radiation and evapotranspiration using minimum 
climatological data (Hargreaves-Samani equation). Journal of Irrigation and Drainage 
Engineering, 126, 265–267. 
Sánchez-Gómez, J., & Gillis, M. (1982). Los Arboles – el Bosque y los Campesions. 
CICAFOR, Cajamarca, Peru. [in Spanish] 
Sánchez-Vega, I., Cabanillas-Soriano, M., Miranda-Leiva, A., Poma-Rojas, W., Díaz-Navarro, 
J., Terrones-Hernández, F., & Bazán-Zurita, H. (2006). La jalca: el ecosistema frio del 
noroeste peruano, fundamentos biologicos y ecologicos. Minera Yanacocha, Cajamarca, Peru. 
[in Spanish] 
Sánchez-Vega, I., & Dillon, M.O. (2006). Jalcas. In Moraes, M.R., Øllgaard, B., Kvist, L.P., 
Borchsenius, F. & Balslev, H. (Eds.) Botánica Económica de los Andes Centrales. Universidad 
Mayor de San Andrés, La Paz, (pp. 77–90). [in Spanish] 
Sánchez-Zevallos, P.E. (1998). El Proyecto "Poncho Verde" para el Desarrollo de los Andes 
Peruanos. In Chirinos-Villanueva, C. & Sánchez-Narávez, J. (Eds.) Desarrollo Sostenible en 
los Sectores Marginales: Experiencias y Modelos. ITACAB , Lima, Peru, (pp. 25–46). [in 
Spanish] 
Sánchez-Zevallos, P.E. (2000). Una estrategia contra la degradación de los suelos en las 
laderas de la sierra norte del Perú – Cajamarca. Boletín de ILEI, 16, 22–23. [in Spanish] 
Sánchez-Zevallos, P.E. (2003). Perú. In Hofstede, R., Segarra, P. & Mena-Vásconez, P. (Eds.) 
Los Páramos del Mundo. Global Peatlands Initiative/NC-IUCN/EcoCiencia, Quito, (pp. 159–
203). [in Spanish] 
Sarmiento, L. (2000). Water balance and soil loss under long fallow agriculture in the 
Venezuelan Andes. Mountain Research and Development, 20, 246–253. 
Savenije, H., & Van der Zaag, P. (2008). Integrated water resources management: Concepts 




Saxton, K., Rawls, W.J., Romberger, J., & Papendick, R. (1986). Estimating generalized soil-
water characteristics from texture. Soil Science Society of America Journal, 50, 1031–1036. 
Scheel, M., Rohrer, M., Huggel, C., Santos Villar, D., Silvestre, E., & Huffman, G. (2011). 
Evaluation of TRMM Multi-satellite Precipitation Analysis (TMPA) performance in the 
Central Andes region and its dependency on spatial and temporal resolution. Hydrology and 
Earth System Sciences, 15, 2649–2663. 
Scherr, S.J. (1999). Soil Degradation: A Threat to Developing-Country Food Security by 
2020?. Food, Agriculture and the Environment Discussion Paper. International Food Policy 
Research Institute. 
Scherr, S.J., & Yadav, S. (1996). Land degradation in the developing world. International 
Food Policy Research Institute (IFPRI). 
Schiettecatte, W., Ouessar, M., Gabriels, D., Tanghe, S., Heirman, S., & Abdelli, F. (2005). 
Impact of water harvesting techniques on soil and water conservation: a case study on a micro 
catchment in southeastern Tunisia. Journal of Arid Environments, 61, 297–313. 
Schulte, A., Bölscher, J., Reinhardt, C., Ramelow, M., & Wenzel, R. (2009). Potenziale des 
dezentralen Hochwasserrückhalts im Mittleren Erzgebirge. Ergebnisse der Modellierungen mit 
NASIM und WaSiM-ETH. Korrespondenz Wasserwirtschaft, 2, 151–158. [in German] 
Schwilch, G., Bachmann, F., & de Graaff, J. (2012). Decision support for selecting SLM 
technologies with stakeholders. Applied Geography, 34, 86–98. 
Schwilch, G., Hauert, C., Liniger, H., & Bunning, S. (2010). Coping with Degradation 
through SLWM. SOLAW Background Thematic Report TR12. Food and Agriculture 
Organization (FAO), Rome.  
Seluchi, M.E., Saulo, A.C., Nicolini, M., & Satyamurty, P. (2003). The Northwestern 
Argentinean Low: a study of two typical events. Monthly Weather Review, 131, 2361–2378. 
SENAMHI (2011). Mapa: Evaporación (1981–2010) Región Cajamarca. [online]. Available 
from: http://www.senamhi.gob.pe/sig.php?p=021 [accessed 04.06.2015]. 
Sevruk, B., Ondrás, M., & Chvíla, B. (2009). The WMO precipitation measurement 
intercomparisons. Atmospheric Research, 92, 376–380. 
Shieh, C.-L., Guh, Y.-R., & Wang, S.-Q. (2007). The application of range of variability 
approach to the assessment of a check dam on riverine habitat alteration. Environmental 
Geology, 52, 427–435. 
Silvertown, J. (2009). A new dawn for citizen science. Trends in Ecology & Evolution, 24, 
467–471. 
Smith, M. (1992). CROPWAT: A computer program for irrigation planning and management, 
Irrigation and drainage paper, 46. Food and Agriculture Organization of the United Nations, 
Rome, Italy. 
Soil Science Glossary Terms Committee (2008). Glossary of Soil Science Terms. Soil Science 
Society of America, Madison, Wisconsin. 
Souchere, V., King, D., Daroussin, J., Papy, F., & Capillon, A. (1998). Effects of tillage on 
runoff directions: consequences on runoff contributing area within agricultural catchments. 
Journal of Hydrology, 206, 256–267. 
Stadel, C. (1991). Altitudinal belts in the tropical Andes: Their ecology and human utilization. 
Yearbook. Conference of Latin Americanist Geographers, (pp. 45–60). 
Store, R., & Jokimäki, J. (2003). A GIS-based multi-scale approach to habitat suitability 




Store, R., & Kangas, J. (2001). Integrating spatial multi-criteria evaluation and expert 
knowledge for GIS-based habitat suitability modelling. Landscape and urban planning, 55, 
79–93. 
Takken, I., Govers, G., Steegen, A., Nachtergaele, J., & Guérif, J. (2001). The prediction of 
runoff flow directions on tilled fields. Journal of Hydrology, 248, 1–13. 
Tallaksen, L.M. (1995). A review of baseflow recession analysis. Journal of Hydrology, 165, 
349–370. 
Tapia, M. (1997). Zonificación agroecológica basada en el Uso de la Tierra, el Conocimiento 
Local y las Alternativas de Producción. In Tapia, M. (Ed.) Manejo Integral de Microcuencas. 
Centro Internacional de la Papa (CIP), Lima, Peru, (pp. 53–66). [in Spanish] 
Tapley, T., & Waylen, P. (1990). Spatial variability of annual precipitation and ENSO events 
in western Peru. Hydrological Sciences Journal, 35, 429–446. 
Tenge, A., & Hella, J. (2005). Financial efficiency of major soil and water conservation 
measures in West Usambara highlands, Tanzania. Applied Geography, 25, 348–366. 
Teshome, A., Rolker, D., & de Graaff, J. (2013). Financial viability of soil and water 
conservation technologies in northwestern Ethiopian highlands. Applied Geography, 37, 139–
149. 
Tian, Y., Su, D., Li, F., & Li, X. (2003). Effect of rainwater harvesting with ridge and furrow 
on yield of potato in semiarid areas. Field Crops Research, 84, 385–391. 
Tobón, C., & Morales, E.G.G. (2007). Capacidad de interceptación de la niebla por la 
vegetación de los páramos andinos. Avances en Recursos Hidráulicos, 15, 35–46. [in Spanish] 
Tokay, A., Short, D.A., Williams, C.R., Ecklund, W.L., & Gage, K.S. (1999). Tropical rainfall 
associated with convective and stratiform clouds: Intercomparison of disdrometer and profiler 
measurements. Journal of Applied Meteorology, 38, 302–320. 
Tovar-Pacheco, J.A., Sayán-Miranda, J.L., Pérez-Verástegui, G., & Guzmán-Martínez, A. 
(2006). Estado del conocimiento de la hidrogeología en Perú. Boletín Geológico y Minero, 
117, 147–161. [in Spanish] 
Tovar, C., Arnillas, C.A., Cuesta, F., & Buytaert, W. (2013a). Diverging responses of tropical 
Andean biomes under future climate conditions. PloS one, 8, e63634. 
Tovar, C., Seijmonsbergen, A.C., & Duivenvoorden, J.F. (2013b). Monitoring land use and 
land cover change in mountain regions: An example in the Jalca grasslands of the Peruvian 
Andes. Landscape and Urban Planning, 112, 40–49. 
Trachte, K., Nauss, T., & Bendix, J. (2010). The impact of different terrain configurations on 
the formation and dynamics of katabatic flows: Idealised case studies. Boundary-layer 
Meteorology, 134, 307–325. 
Triscritti, F. (2013). Mining, development and corporate–community conflicts in Peru. 
Community Development Journal, 48, 437–450. 
Tudes, S., & Yigiter, N.D. (2010). Preparation of land use planning model using GIS based on 
AHP: case study Adana-Turkey. Bulletin of Engineering Geology and the Environment, 69, 
235–245. 
Tumbo, S., Mbilinyi, B., Mahoo, H., & Mkiramwinyi, F. (2006). Determination of Suitability 
Levels for Important Factors for Identification of Potential Sites for Rainwater Harvesting. 7th 
WaterNet-WARFSA-GWP-SA Symposium. Lilongwe, Malawi. 
Unger, P.W., & Howell, T.A. (2000). Agricultural water conservation – A global perspective. 




Vaidya, O.S., & Kumar, S. (2006). Analytic hierarchy process: An overview of applications. 
European Journal of Operational Research, 169, 1–29. 
Valente, F., David, J., & Gash, J. (1997). Modelling interception loss for two sparse eucalypt 
and pine forests in central Portugal using reformulated Rutter and Gash analytical models. 
Journal of Hydrology, 190, 141–162. 
van den Abeele, J. (1995). Zonificación y Plantaciones Forestales en la Sierra Peruana. 
Asociación para el Desarrollo y la Investigación Forestal (ADEFOR), Cajamarca, Peru. [in 
Spanish]  
van Genuchten, M.T. (1980). A closed-form equation for predicting the hydraulic conductivity 
of unsaturated soils. Soil Science Society of America Journal, 44, 892–898. 
Verbist, K., Cornelis, W., Gabriëls, D., Alaerts, K., & Soto, G. (2009). Using an inverse 
modelling approach to evaluate the water retention in a simple water harvesting technique. 
Hydrology and Earth System Sciences Discussions, 6, 4265–4306. 
Vergara, W. (2009). The Potential Consequences of Rapid Glacier Retreat in the Northern 
Andes. In Vergara, W. (Ed.) Assessing the Potential Consequences of Climate Destabilization 
in Latin America. Latin America and Caribbean Region Sustainable Development Working 
Paper 32, The World Bank, Latin America and the Caribbean Region Sustainable 
Development Department (LCSSD), (pp. 59–68). 
Vergeiner, I., & Dreiseitl, E. (1987). Valley winds and slope winds – Observations and 
elementary thoughts. Meteorology and Atmospheric Physics, 36, 264–286. 
Verworn, H.-R. (2008). Flächenabhängige Abminderung statistischer Regenwerte. 
Korrespondenz Wasserwirtschaft, 1, 493–498. [in German] 
Villar-C, M., Picard, L., & Mertens, P. (1982). Zonificación de especies forestales del género 
Pinus en Cajamarca. CICAFOR, Cajamarca, Peru. [in Spanish] 
Vitolo, C., Elkhatib, Y., Reusser, D., Macleod, C.J., & Buytaert, W. (2015). Web technologies 
for environmental Big Data. Environmental Modelling & Software, 63, 185–198. 
Viviroli, D., Archer, D., Buytaert, W., Fowler, H., Greenwood, G., Hamlet, A., Huang, Y., 
Koboltschnig, G., Litaor, M., & Lopez-Moreno, J. (2011). Climate change and mountain water 
resources: overview and recommendations for research, management and policy. Hydrology 
and Earth System Sciences, 15, 471–504. 
Viviroli, D., Dürr, H.H., Messerli, B., Meybeck, M., & Weingartner, R. (2007). Mountains of 
the world, water towers for humanity: Typology, mapping, and global significance. Water 
Resources Research, 43, W07447. 
Viviroli, D., & Weingartner, R. (2004). The hydrological significance of mountains: from 
regional to global scale. Hydrology and Earth System Sciences Discussions, 8, 1017–1030. 
Voogd, H. (1983). Multicriteria evaluation for urban and regional planning. Pion, London. 
Vuille, M. (1999). Atmospheric circulation over the Bolivian Altiplano during dry and wet 
periods and extreme phases of the Southern Oscillation. International Journal of Climatology, 
19, 1579–1600. 
Vuille, M., Bradley, R.S., & Keimig, F. (2000). Climate variability in the Andes of Ecuador 
and its relation to tropical Pacific and Atlantic sea surface temperature anomalies. Journal of 
Climate, 13, 2520–2535. 
Vuille, M., Francou, B., Wagnon, P., Juen, I., Kaser, G., Mark, B.G., & Bradley, R.S. (2008). 





Wagner, A. (1938). Theorie und Beobachtung der periodischen Gebirgswinde (Theory and 
observation of periodic mountain winds). Gerlands Beiträge zur Geophysik, 52, 408–449. [in 
German] 
Walsh, R., & Lawler, D. (1981). Rainfall seasonality: description, spatial patterns and change 
through time. Weather, 36, 201–208. 
Walter, H., & Lieth, H. (1960). Klimadiagramm Weltatlas. G. Fischer, Jena. [in German] 
Walter, K., Gunkel, G., & Gamboa, N. (2012). An assessment of sediment reuse for sediment 
management of Gallito Ciego Reservoir, Peru. Lakes & Reservoirs: Research & Management, 
17, 301–314. 
Wang, Z.-Y., & Yu, G.-A. (2007). Step-Pool System for Erosion Control and Ecological 
Restoration. International Conference on Erosion and Torrent Control as a Factor in 
Sustainable River Basin Management, 25–28 September, Belgrade, Serbia, (pp. 1–17). 
Warner, T.T., Mapes, B.E., & Xu, M. (2003). Diurnal patterns of rainfall in northwestern 
South America. Part II: Model simulations. Monthly Weather Review, 131, 813–829. 
Waylen, P., & Poveda, G. (2002). El Niño-Southern Oscillation and aspects of western South 
American hydro-climatology. Hydrological Processes, 16, 1247–1260. 
Wemple, B.C., Jones, J.A., & Grant, G.E. (1996). Channel network extension by logging roads 
in two basins, Western Cascades, Oregon. Water Resources Bulletin, 32, 1195–1207. 
White, W.B. (2002). Karst hydrology: recent developments and open questions. Engineering 
geology, 65, 85–105. 
Wiggins, A., & Crowston, K. (2011). From conservation to crowdsourcing: A typology of 
citizen science. 44th Hawaii International Conference on System Sciences (HICSS), (pp. 1–
10). 
Willems, P. (2009). A time series tool to support the multi-criteria performance evaluation of 
rainfall-runoff models. Environmental Modelling & Software, 24, 311–321. 
Wischmeier, W.H., & Smith, D.D. (1978). Predicting rainfall erosion losses–A guide to 
conservation planning, US Department Agriculture Handbook No. 537. Washington, DC.  
Wisser, D., Frolking, S., Douglas, E.M., Fekete, B.M., Schumann, A.H., & Vörösmarty, C.J. 
(2010). The significance of local wate r resources captured in small reservoirs for crop 
production – A global-scale analysis. Journal of Hydrology, 384, 264–275. 
Wittenberg, H. (1994). Nonlinear analysis of flow recession curves. FRIEND – Flow Regimes 
from International Experimental and Network Data. IAHS Publication, (pp. 61–67). 
Wittenberg, H. (1999). Baseflow recession and recharge as nonlinearstorage processes. 
Hydrological Processes, 715–726. 
Wittenberg, H. (2011). Praktische Hydrologie. Springer-Vieweg Verlag, Berlin. [in German] 
Wittenberg, H., & Sivapalan, M. (1999). Watershed groundwater balance estimation using 
streamflow recession analysis and baseflow separation. Journal of Hydrology, 219, 20–33. 
Wundt, W. (1953). Gewässerkunde. Springer Verlag, Berlin. [in German] 
Xiang-zhou, X., Hong-wu, Z., & Ouyang, Z. (2004). Development of check-dam systems in 
gullies on the Loess Plateau, China. Environmental Science & Policy, 7, 79–86. 
Yanacocha (2013). Yanacocha fulfills its social commitment with Cajamarca by funding 
improvements to the Santa Apolónia plant. Press release: 25 June, 2013, Cajamarca, Peru. 
Yang, Q., Meng, F.-R., Zhao, Z., Chow, T.L., Benoy, G., Rees, H.W., & Bourque, C.P.-A. 
(2009). Assessing the impacts of flow diversion terraces on stream water and sediment yields 




Yao, A.Y. (1974). Agricultural Potential Estimated from the Ratio of Actual to Potential 
Evapotranspiration. Agricultural Meteorology, 13, 405–417. 
Young, A. (1989). Agroforestry for soil conservation. CAB International, Wallingford.  
Zeh, H. (2007). Soil Bioengineering Construction Type Manual. European Federation for Soil 
Bioengineering, Zürich. 
Zhang, J., Su, Z., & Liu, G. (2008). Effects of terracing and agroforestry on soil and water loss 
in hilly areas of the Sichuan Basin, China. Journal of Mountain Science, 5, 241–248. 
Zolman, J.L., Zipser, E.J., & Mohr, K.I. (2000). A comparison of tropical mesoscale 











Hiermit erkläre ich, dass ich die vorgelegte Arbeit selbständig und ohne fremde Hilfe verfasst 
und andere als die angegebenen Hilfsmittel nicht benutzt habe. Die Beiträge der Co-Autoren 
der wissenschaftlichen Veröffentlichungen sind im Rahmen der Danksagung 
(Acknowledgements) und im Kapitel 1.3 (Aims, objectives and outline of this study) dargelegt. 
Ich erkläre, dass ich die Arbeit erstmalig und nur am Fachbereich Geowissenschaften der 
Freien Universität Berlin eingereicht habe und keinen entsprechenden Doktorgrad besitze.  





 Dipl.-Geogr. Krois, Joachim 
 
 
 
 
